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  Summary 






The presence of an organic fouling layer in membrane bioreactors (MBRs) can 
compromise membrane integrity through the biodegradation of membrane material and 
lead to the ultimate failure of the membrane process. To date, many studies have been 
conducted to elucidate and assess the effects that a myriad of parameters have on 
membrane fouling in MBRs. Conflicting results have been attained between research 
groups. Most studies conducted thus far focused on the effect of operating parameters 
on fouling profiles; not on the fouling mechanism. A serious flaw in the studies 
claiming to focus on membrane fouling mechanisms is the use of easily quantifiable 
parameters in the bulk solution. This research study aimed to reveal and distinguish 
fouling mechanisms under different operating conditions by studying the foulants on 
membrane surfaces.  
 
Fouling characteristics of aerobic submerged MBRs were analysed under different flux 
conditions. Micro-structural analyses of the foulants on the membrane surfaces showed 
that the dominant foulants were different under different flux conditions. Membrane 
fouling occurred through a biofilm dominated process under lower flux conditions, but 
the mechanism shifted towards a non-biofilm, bio-organic fouling process as the flux 
was increased. In spite of the differences in fouling mechanisms, it was found that the 
protein fraction on the membrane surface had the greatest impact in the rise of 
transmembrane pressure. 
 
  Summary 
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Fouling characteristics of aerobic submerged MBRs were also analysed under different 
solids retention times (SRT). Membrane fouling increased at shorter SRT due to the 
increased protein and carbohydrate concentrations and to the larger molecular weight 
distribution of the compounds in the mixed liquor. The fouling mechanism was 
observed to change under different SRT, in which bio-organic fouling began to gain 
prominence at a shorter SRT.  
 
Fouling characteristics of aerobic submerged MBRs were analysed under different 
membrane materials. Polyethersulfone (PES) membranes were found to foul faster at 
sub-critical and super-critical fluxes than polyolefin (PO) membranes. The use of 
confocal laser scanning microscopy to image organic foulants directly on the 
membrane surface, coupled with image analyses showed that membrane fouling 
mechanism shifted from a biofilm initiated process on PO membranes to a bio-organic 
dominated process on PES membranes under sub-critical flux conditions. The fouling 
mechanisms were similar on both membrane materials at higher flux conditions. 
Physico-chemical characterisation was unable to explain the differences in membrane 
fouling of the contrasting membrane materials indicating the limitations of current 
conventional methods in describing the fouling process. Microbial community 
structure of the activated sludges and in the fouling layers were analysed by terminal 
restriction fragment length polymorphism, and supported conclusions based on 
imaging techniques. 
 
The combination of qualitative imaging, quantitative structural characterisation of the 
fouling layer, and a molecular based method have revealed a distinct trend in fouling 
mechanisms based on differences in flux conditions. Such analytical methods have 
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shown to be effective in being able to accurately describe membrane fouling 
mechanisms. Thus, appropriate and more effective fouling control strategies may be 
developed based in the results published from this and other similar studies. 
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Chapter 1  Introduction 






1.1  Background 
Water has always been a precious and strategic commodity that the fact that ancient 
civilizations flourished along banks of great rivers bears testament to its crucial role in 
mankind’s survival and societal development. With over 70% of the earth’s surface 
covered with water, it is ironic that a mere 0.3% is readily available as exploitable 
fresh water fit for human consumption. Since it is evidently clear that water is one of 
the prime elements responsible for life on earth, it is necessary to maintain a clean 
source of water for our basic needs, and technological advances. 
 
Yet, fresh, clean water, being so basic, is in such short supply. Everything we do in our 
daily lives, from quenching thirst to doing laundry requires safe and clean water. In 
spite of that, our recent developed technological society has become indifferent to this 
important resource. Our natural heritage of rivers, seas and oceans has been exploited, 
mistreated, and contaminated. For example, rapid urbanization in the Yellow River 
region in China has vastly transformed the landscape, in which population in the 
region has nearly tripled since the 1950s. Government statistics show that roughly four 
billion gallons of wastewater are dumped into the river each year doubled an amount 
from two decades ago (The New York Times, 2006). 
 
Despite the limited availability of usable water, both water quality and quantity from 
traditional sources have been tainted by combinations of water pollution, over-
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consumption and poor management. Wanton discharge of wastewater into rivers 
leading to polluted freshwater sources, over-drainage of underground aquifers resulting 
in serious land subsidence, and lax oversight of water regulations have led to serious 
water shortage in many parts of the world. Statistics from the World Health 
Organisation and the World Bank indicate that almost twenty-three percent of the 
world population does not have access to clean water, and thirty-five percent are living 
in unsanitary conditions. The bulk of people suffering from the lack of usable water 
and proper wastewater treatment systems live in the least developed countries in Africa 
and Asia. These are sombre figures and they highlight the need to search for 
alternative methods in the treatment of wastewaters and production of clean usable 
water. 
 
In response to the issue of water scarcity, interests in supplementing water resources 
from non-traditional sources such as municipal wastewater and seawater for direct and 
indirect portable reuse have increased significantly in recent years. New technologies 
and effective methods to recycle wastewaters into clean usable industrial and even 
drinking waters are therefore becoming more urgent. It is through multi-pronged 
approach towards the treatment of wastewaters and in obtaining alternative portable 
water sources can water pollution and scarcity be alleviated. And it is through 
advanced treatment technologies such as a membrane system that usable water can be 
reclaimed from wastewaters. 
 
Such pressing issues on the availability of portable water have advanced and facilitated 
the development of water purification and separation membrane technology, and 
addressed the limitations of conventional water/wastewater treatment processes, 
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especially in the rejection of microbial pathogens and dissolved substances. Membrane 
separation processes have been significantly improved through the development of 
more permeable membrane materials (Khedr, 2003) and of anti-fouling membrane 
surfaces (le Roux et al., 2005). The increasing popularity and acceptance of these 
membrane separation technologies when coupled with the activated sludge process for 
wastewater treatment is exemplified by the many membrane bioreactors (MBRs) 
worldwide (Visvanathan et al., 2000). Since 2000, the MBR market has doubled to 
reach a market value of US$ 217 million in 2005, and is expected to reach US$ 360 
million in 2010 (Judd, 2006). 
 
While the most significant obstacle to more widespread installation of MBRs in the 
industry remains operational cost, there are a number of mitigating factors that resulted 
in expanded application of membrane technology for wastewater treatments. 
Increasingly stringent environmental legislations and the enforcement of them 
regarding effluent discharge, water reuse and recycling, and pollution control in land 
and waterways in many developed countries, along with governmental and 
organisational initiatives, have encouraged the use of MBR technology. Moreover, 
with rapid technological advances even high capital and operational costs of the MBR 
process have decreased dramatically. 
 
While MBRs are capable of delivering high quality water that meets the most stringent 
regulatory requirements, widespread application of MBR process is constrained by 
deposition of unwanted materials on the membrane surface, or membrane fouling. 
Membrane fouling is a severe operational problem in MBRs and has been shown to 
contribute to a loss in membrane productivity through reductions in permeate fluxes, 
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increases in differential pressure or transmembrane pressure (TMP), and membrane 
degradation (Pollice et al., 2005). In order to limit these problems from adversely 
affecting the operations and permeate quality, frequent membrane cleaning or 
replacement, leading to increased maintenance costs, are required. For MBR systems 
operating with polymeric membrane materials, the fouling of membrane surfaces by 
biological contaminants, termed as biofouling, becomes particularly important, as 
compared to membranes made from inorganic materials such as ceramics (Kang et al., 
2002). 
 
Membrane biofouling occurs when microorganisms accumulate on the membrane 
surface and proliferate as biofilms, while membrane organic fouling occurs when 
organic materials in the bulk solution adhere to the membrane surface. Biofilms are the 
preferred life-support for microorganisms and the transition from planktonic cells to 
this sessile form of microbial life usually involves several stages, including initial 
surface adhesion by bacterial cells, the formation of microcolonies, and the eventual 
maturation of the microcolonies into an exopolysaccharide-encased biofilm (Klausen 
et al., 2003). Unlike suspended growth in liquid phase, living in surface bound 
biofilms confers several advantages to the sessile microorganisms. Organic carbon and 
minerals tend to concentrate on surfaces and can therefore serve as nutrient sources 
that promote growth. Biofilms also demonstrate a significant increase in antimicrobial 
resistance in the presence of a protective exopolysaccharide barrier which limits the 
diffusion of biocides and other disinfectants into the depths of the biofilm (Allison et 
al., 2000). The aggregation of the microorganisms into biofilms places them in close 
juxtaposition, which facilitates metabolic cooperation in the form of cometabolic, 
synergistic and syntrophic relationships (Marsh and Bowen, 2000). 
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The formation of a fouling layer on membrane surfaces is responsible for a number of 
operational inefficiencies in MBR systems. Fouling layers of 10 to 100 µm thickness 
have been reported to create a considerable increase in membrane resistance, which 
resulted in a corresponding decline in permeate flux, and increase in TMP (Judd, 
2006). Besides the adverse effects on membrane productivity, microfiltration (MF) 
membranes are also susceptible to bacterial penetration and can cause microbial 
contamination of the effluent. In addition, the presence of an organic fouling layer can 
compromise membrane integrity through the biodegradation of membrane material and 
lead to the ultimate failure of the membrane process (Flemming et al., 1994). 
 
Notwithstanding the many advantages and an increasing confidence in the MBR 
technology, there is, to date, no effective fouling control strategy in the industry 
despite knowing that the crux of the problem lies in the formation of a biofilm or an 
organic layer on polymeric membrane surfaces. Currently, the most common control 
strategies for membrane fouling include air scouring of the surfaces to prevent biofilm 
formation, and membrane cleaning. However, the restoration of membrane system 
performances using cleaning control measures is often temporary and may lead to the 
inevitable destruction of membrane integrity (Judd, 2006). For example, autopsies 
performed on severely fouled membranes have shown that the fouling layer was 
difficult to remove because of the failure of the cleaning chemical to penetrate the 
biofilm layer to reach the underlying membrane fibres (Baker and Dudley, 1998). At 
the same time, chemical based cleaning approaches may also introduce toxicity into 
the water. For submerged MBR systems, extensive in-situ cleaning may lead to the 
failure of the wastewater biotreatment due to the toxicity of the cleaning agents on 
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microorganisms within the reactor. Given the sub-optimal nature of the available 
control measures, significant amounts of resources have to be devoted to into 
membrane fouling control. Although there is an increasing recognition that membrane 
fouling is organic in nature for polymeric membrane materials, many fundamental 
aspects of this fouling mechanism have yet to be properly elucidated. A more complete 
understanding into the diversity of the microorganisms in the fouling layer, together 
with characterising the formation, development, structure and dynamics of the fouling 
layer are anticipated to aid the development of more effective fouling monitoring and 
control strategies in MBR processes. The understanding of the different fouling 
mechanisms under different operating conditions may also lead to improved long term 
MBR operations at higher permeate fluxes. 
 
1.2  Problem Statements 
1.2.1 Mechanism of Fouling Development in MBRs operated at Different 
Flux Conditions 
To date, many studies have been conducted to elucidate and assess the effects that a 
myriad of parameters have on membrane fouling in MBRs. These investigations have 
culminated in a number of published papers. Factors affecting membrane fouling can 
be grouped into three main categories, namely the membrane, operational, and sludge 
or biomass characteristics.  
 
A serious flaw in studies focusing on membrane fouling mechanisms is the use of 
easily quantifiable parameters in the bulk solution. Using various biomass 
characteristics to reveal the fouling mechanism has commonly been used but may not 
represent the actual foulants found on the membrane surface. The difference in soluble 
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microbial products (SMP) concentrations between the supernatant and effluent of an 
MBR was said to be able to identify the more important foulant (Ng et al., 2006), yet 
such comparisons may be inaccurate since the mechanism was obtained through 
extrapolating experimental observances and making educated conclusions, and thus 
required more in-depth research in this area. A better and more reliable method of 
determining membrane fouling mechanism would be to identify the compounds on the 
membrane surface, and determine the effect each constituent has on membrane fouling. 
As such, the mechanism of membrane fouling may be better studied in terms of the 
foulants within the fouling layer in an in-situ condition.  
 
Membrane biofouling mechanisms are comparatively more well-known. Typical 
biofouling mechanisms follow biofilm models, which often attribute bacterial transport 
and initial cellular attachment to be the first stage of biofouling. Suspended 
microorganisms in the bulk solution are brought into close contact with the solid 
surface by propulsion through the liquid phase either randomly by Brownian motion, 
in a directed manner via chemotaxis and cell motility, or in a forced motion due to 
suction pressure against the membrane surface (Flemming et al., 1994). However, it is 
proposed that the transport of planktonic microorganisms to initiate contact with a 
solid substratum is greatly accelerated in an MBR primarily due to tangential force 
exerted by the permeate flux that causes the active transport of suspended 
microorganisms onto the membrane surface. 
 
Upon first contact, several bacterial cell surface characteristics and other cellular 
appendages can facilitate bacterial adhesion to the membrane surface. Hydrophobic 
interactions between non-polar molecules on the bacterial cell surface with those found 
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on the solid surface can form reversible attractive bonds that mediate cellular adhesion 
(Jones et al., 1996). These interactions have been reported to contribute to bacterial 
adhesion on a variety of surfaces including glass (Gilbert et al., 1991), polymers (van 
Pelt et al., 1985), mineral (Stenstrom, 1989), and polyvinyl chloride (O’Toole and 
Kolter, 1998a). Besides cell surface hydrophobicity, electrostatic interactions can also 
influence bacterial attachment. As bacterial cells are negatively charged under 
physiologically relevant pHs, strong electrostatic forces can develop between cells and 
the substratum at sufficiently short distances (< 10 mm) (Oliveira, 1997). While 
attractive forces will facilitate cellular attachment, some bacteria can also use force-
generating cellular appendages such as flagella and type IV pili to overcome 
electrostatic repulsion (Pratt and Kolter, 1999). These appendages are responsible for 
different aspects of bacterial motility, which has been reported to be involved in the 
process of biofilm formation. Swimming and swarming are often implicated in surface 
colonisation (Harshey, 2003), while twitching has a further structural role in the 
formation of microcolonies (O’Toole and Kolter, 1998b). 
 
However, most of the findings related to cell surface characteristics and bacterial 
motility and biofilm formation are derived based on studies conducted on model 
organisms or medically significant bacterial species. Little is known about the 
biofouling mechanism for environmental microorganisms found in MBRs. Moreover, 
the studies have assumed that biofilm formation is the fundamental fouling issue in 
MBRs, yet bio-organic fouling could be as important as well. In addition, the effects of 
different operating conditions on membrane biofouling are also not well-understood. 
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1.2.2  Microstructure of Organic Fouling Layer associated with 
Membrane Fouling 
Despite being commercially available for over thirty years (Galter, 1998), surprisingly 
little is known about the fouling layer on membrane surfaces of MBR systems. It is 
widely believed and accepted that the structure of the fouling layer has a direct impact 
on the reduction in permeate flux and/or an increase in TMP (Chudacek and Fane, 
1984). Theoretical equations on membrane fouling, such as the Carmen-Kozeny 
equation (Baker et al., 1985), and Chudacek and Fane’s flux relationship (Chudacek 
and Fane, 1984), were proposed, modified and accepted over these years. 
 
Membrane fouling phenomena are very complicated and there is no clear insight into 
the exact mechanisms involved during activated sludge filtration. However, a number 
of empirical models for membrane fouling exist, with only a few studies attempting to 
present an integrated scheme for both biological treatment and membrane separation 
(Ng and Kim, 2007). Unfortunately, since the membrane is in direct contact with an 
active biological suspension, the physico-chemical characteristics of the latter 
inevitably affect the filtration process. And this is precisely where current research on 
membrane fouling is inadequate. Empirical and theoretical equations on membrane 
fouling in an MBR system have not included the kinetics and structure of various 
organic foulants. 
 
As such, the basic understanding of membrane fouling mechanism may be better 
studied in terms of structural analyses of the fouling layer. Recent advances in biology, 
microscopic techniques, and computer science have circumvented the limitations of 
fouling studies based on analyses of the bulk solution (Yun et al., 2006). Unambiguous 
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identification of organic compounds on membrane surfaces is achieved through using 
appropriate and specific probes for staining the various organic compounds. 
Thereafter, the fouling layer is imaged under advanced microscopic techniques, and 
the images analysed structurally with specially written computer software. The 
combined applications of these techniques in the in-situ study of membrane fouling is 
therefore anticipated to provide more informative and representative data on the 
structure of the fouling layer and of the organic compounds responsible for biofouling. 
A better understanding of the different nature of the structure of the fouling layer in 
relation to the operating flux, solids retention tine (SRT), and membrane material may 
explain the effect bulk parameters have on membrane fouling and aid in developing 
more accurate equations to describe and model membrane fouling in MBRs. 
 
1.2.3 Macrostructure of Fouling Layer for Monitoring of Membrane 
Fouling in MBRs 
Negative impacts associated with membrane fouling emphasise the need for an early 
detection of the fouling layer, yet the lack of such monitoring has never been 
appreciated in practice due to the complexities of the tests involved. The industry in 
practice deals with membrane fouling by cleaning the membrane modules on a regular 
basis regardless if the surfaces have been badly fouled. This increases unnecessary 
costs towards the operation of the MBRs. Alternatively, some MBR operators use 
TMP as a simple measure of when to provide cleaning to the membrane modules. This 
is a valid solution, but given that fouling on membrane surfaces is a highly 
heterogeneous process, there may be some areas more fouled than others, creating 
local areas of super-critical flux conditions (Lee et al., 2007). Such areas promote 
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membrane fouling to a greater extent even though the observed TMP may be low, 
thereby lulling MBR operators into a false sense of security. 
 
A simple surface characterisation technique is thus needed. Studies involving 
characterisation of the fouling layer on membrane surfaces rely on images taken at 
high magnifications and high resolutions. In these cases, the background and 
individual cells can be resolved optically. In low magnification and low resolution 
images, however, the images obtained are related to the amount of biomass found 
attached to the surface. Thus, low magnification imaging can be very useful when the 
imaging of large areas of heterogeneous films is required (Milferstedt et al., 2008). 
And the technique can serve as a useful tool to identify and monitor the state of 
membrane fouling. Yet there have been limited research conducted on macrostructure 
membrane fouling development in an MBR currently. 
 
1.2.4 Community Structure of Biofilms associated with Membrane 
Fouling 
Post-mortem autopsies of fouled membranes have often focused on the investigation of 
macroscopic biofilm features such as bacteriological plate counts, biofilm surface 
coverage and thickness (usually examined by scanning election microscopy). Chemical 
composition of organic and inorganic foulants in the biofilm and extracellular 
polymeric substances (EPS) matrix are also analysed as well (Vrouwenvelder and van 
der kooij, 2003; Vrouwenvelder et al., 2003). More detailed bacteriological 
characteristics of the fouling layer, like microbial diversity, or the quantitative 
abundances of individual bacterial populations are frequently ignored. This reflects 
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either a lack of scientific appreciation for these information or the limitations of 
available techniques to address these issues. 
 
A study on the biofilm community structure of a biofouled reverse osmosis (RO) 
membrane found that the mucilaginous fouling layer in the spiral wound cellulose 
acetate membrane contained a large number of organisms related to the Acinetobacter 
and Flavobacterium genus. Other bacteria affiliated with Pseudomonas, Bacillus, 
Serratia, and Micrococcus were also identified (Ridgway et al., 1983). Other studies 
on membrane biofilm communities concentrated only on biofilms developed within the 
first 72 h (Ridgway et al., 1984; Ghayeni et al., 1998). A research study which 
conducted community analysis of fouled membranes and compared with the 
community of the activated sludge in an MBR found that there were no differences in 
the populations of the two different sets of samples (Ma et al., 2006). However, 
denaturing gradient gel electrophoresis was used as the analytical technique, and was 
unable to quantitatively identify which bacterial species was dominant in the sample 
and if they were different between the biofilm and activated sludge samples. Thus, 
these studies were clearly inadequate to fully describe the microbial community in the 
fouling layer. 
 
1.3 Research Objectives 
Due to a lack of comprehensive understanding of membrane fouling in MBRs, control 
strategies adopted by the industry such as crossflow filtration, air scrubbing, and 
backwashing have not always been successful. Moreover, current empirical models on 
membrane fouling in MBRs are grossly insufficient. As a result, development of more 
effective strategies requires a more fundamental understanding and an insight into the 
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formation and behaviour of the fouling layer and its properties under different filtration 
conditions. Most studies carried out thus far, focused on the relationship between 
membrane fouling and foulant characteristics in the bulk solution. However, the 
foulant characteristics in the bulk solution may be drastically different from that of the 
fouling layer (Choi et al., 2006). Since the fouling phenomenon occurs on the 
membrane surface, further and more detailed studies on the characterisation of foulants 
in the layer in contact with the membrane surface rather than in the bulk solution are 
needed to obtain a better understanding of membrane fouling in an MBR process. 
Understanding the characteristics of the fouling layer and its developmental process 
will lead to better control strategies, and increase the efficacy of cleaning methods. 
 
A systematic approach to understanding fouling development and formation in MBRs 
and their operating conditions would involve the following objectives: 
1) To study the use of various dyes for staining constituents of EPS in a mixed 
population biofilm for use in confocal laser scanning microscopy (CLSM) 
imaging. 
2) To structurally characterise membrane fouling initiation and development and 
to determine its relationship to operating parameters of an aerobic MBR. 
 3) To characterise membrane fouling mechanism of the fouling layer on the 
membrane surface of aerobic MBRs under different operating conditions 
(permeate flux and solids retention time). 
4)  To characterise membrane fouling on different membrane materials. 
5) To develop a rapid monitoring method that may be used to determine that state 
of membrane fouling in MBRs. 
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6) To understand the relationship between microbial ecology and EPS 
constituents of activated sludge and biofilm and the structural development of 
the latter. 
 
Chapter 2  Literature Review 






2.1  Membrane Bioreactors (MBRs) 
2.1.1  MBR History, Reactor and Membrane Configurations 
Membrane bioreactor (MBR) technology combines biological treatment of wastewater 
by the conventional activated sludge process with a solid-liquid separation by means of 
membrane filtration. The advantages of an MBR system include small footprint and 
reactor requirements, higher volumetric loading rate, high effluent quality, robustness 
towards fluctuations in influent conditions, and lower sludge production (Le-Clech et 
al., 2006). Thus, with the increasingly stringent requirements for treated wastewater 
discharge and for water reclamation, this technology is rapidly advancing around the 
world in commercial applications. In North America alone, there are over 258 full-
scale MBR installations and this number is set to rise even further (Yang et al., 2006a). 
 
MBR systems are characterised by two basic configurations, namely the submerged (or 
immersed) unit (sMBR) (Yamamoto et al., 1989) and the external (or side-stream 
cross-flow) unit (cfMBR) (Smith et al., 1969). Two main membrane configurations are 
applied for MBR applications, namely the flat-sheet and hollow fibre membranes 
(Stephenson et al., 2000). The hollow fibre membranes are generally cheaper to 
manufacture, allow a high membrane density per unit area, and can tolerate vigorous 
backwashing when compared with flat sheet membranes. However, fluid dynamics and 
distributions were reported to be easier to control in flat sheet membranes (Cui et al., 
2003). 
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 Despite the plethora of membrane and MBR publications, the MBR process remains 
constrained by membrane fouling. Membrane fouling is the accumulation of 
substances in the membrane pores, or on the membrane surface, leading to the 
deterioration of filtration performance, and is the most serious problem in MBR 
operations. Fouling leads to a decrease in permeate flux (for constant transmembrane 
pressure (TMP) operations) or an increase in TMP (for constant flux operations). Once 
the membrane surface is fouled, cleaning or replacement of the membrane module is 
required, thereby increasing operating and maintenance costs. Membrane fouling 
results from the interaction between components in the activated sludge and the 
membrane material (Chang et al., 2002). Components such as proteins, carbohydrates, 
and biomass concentrations in the mixed liquor are known foulants that affect the 
filtration process. Although there have been many investigations on membrane fouling, 
the diverse ranges of operating conditions and feed characteristics render the results 
reported in different studies impossible to be compared. Therefore, there is a need to 
better understand, fundamentally, the mechanisms of membrane fouling, such that any 
generic behaviour pertaining to membrane fouling may be ascertained.  
 
2.1.2  Critical and Sustainable Flux 
Critical flux was originally defined as the flux below which membrane fouling and the 
decrease in permeation do not occur with time (Field et al., 1995; Howell, 1995). 
However, sub-critical flux (sustainable flux) fouling has been reported, thus the critical 
flux definition has been reviewed and refined. Critical flux in an MBR can be 
considered as the transition or boundary between constant and non-constant 
permeability (Le-Clech et al., 2003a). The critical flux depends on factors such as the 
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back transport of solutes provided by cross-flow velocity against the membrane 
surface, and by specific solute-membrane interactions. Sustainable MBR operations at 
sub-critical flux conditions offer advantages such as low and stable fouling rates, or 
that the permeability decline is relative stable over an extended period of operation 
(Pollice et al., 2005). With time, even sub-critical flux operations result in membrane 
fouling as the foulants continually to build up on the membrane surface.   
 
2.2  Factors affecting Membrane Fouling 
As soon as the membrane is in contact with the mixed liquor, deposition of particles on 
the surface takes place, leading to a decrease in permeate flux or an increase in TMP. 
Reversible fouling takes places when the foulants are readily removed by an 
appropriate physical cleaning process, while irreversible fouling is caused by the 
adsorption of particles and dissolved matter into the membrane pores and is generally 
removed by chemical cleaning processes (Chang et al., 2002). Many studies have been 
conducted to elucidate the various parameters on membrane fouling. All reported 
membrane fouling factors can be categorised into three main groups (Figure 2.1). 
Other than the intrinsic properties of the membrane material, which include pore size 
(Chang et al., 1994; Chang et al., 2001; Chang et al., 2002; Choi et al., 2006; Gander 
et al., 2000; He et al., 2005; Le-Clech et al., 2003b; Le-Clech et al., 2006; Lee et al., 
2005; Zhang et al., 2006a), membrane morphology and surface roughness (An and 
Friedman, 1998; Bowen et al., 2001; Kang et al., 2006; Kilduff and Karanfil, 2002; 
Tansel et al., 2006; Terada et al., 2005; VrijenHeok et al., 2001), module configuration 
(Gunder and Krauth, 1998; Hai et al., 2005; Judd, 2002), membrane material and its 
hydrophobicity, the other fouling parameters can be grouped into either the operational 
or biomass factors. Operational factors include aeration (Berube and Lei, 2006; 
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Cabassud et al., 2001; Choo and Lee, 1998; Dufresne et al., 1997; Ho and Zydney, 
2006; Jeison and van Lier, 2007; Ji and Zhou, 2006; Liu et al., 2003; Park et al., 2005; 
Psoch and Schiewer, 2005; Psoch and Schiewer, 2006; Schoeberl et al., 2005; Ueda et 
al., 1997) and dissolved oxygen (DO) concentration (Jang et al., 2005a; Kang et al., 
2003; Kim et al., 2006; Lee et al., 2005; Ma et al., 2006; Meng et al., 2006a; Yun et 
al., 2006; Zhang et al., 2006a), pH (Fan et al., 2000; Liikanan et al., 2002; Ognier et 
al., 2002a), operating flux and hydraulic retention time (HRT), and solids retention 
time (SRT). Biomass related parameters include nature of feed and its concentration 
(Choi et al., 2005; Jefferson et al., 2004; Le-Clech et al., 2003a; Tam et al., 2006), 
mixed liquor suspended solids (MLSS) concentration, sludge viscosity (Germain and 
Stephenson, 2005; Itonaga et al., 2004; Jeong et al., 2007; Meng et al., 2006a; Yeom 
et al., 2004; Wicaksana et al., 2006), relative hydrophobicity, particle and floc size 
(Bae and Tak, 2005; Jeong et al., 2007; Le-Clech et al., 2006; Lee et al., 2003; Lee et 
al., 2007; Ma et al., 2006; Meng et al., 2006a), morphology (Allison et al., 1998; 
Meng et al., 2006a; Tsuneda et al., 2003), extracellular polymeric substances (EPS) 
and soluble microbial products (SMP) concentrations, and microbial community. Since 
operational characteristics have a direct and indirect impact on the biomass properties, 
most factors affecting membrane fouling, and therefore the permeation, are inter-
related. Relevant factors are reviewed in the subsequent sections. 
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Figure 2.1 Membrane fouling factors. 
 
2.2.1  Membrane Material and Module related Parameters 
2.2.1.1 Physical Characteristics  
Membrane Morphology and Surface Roughness 
Membrane morphology can influence membrane fouling. Membranes with the same 
nominal pore sizes but different morphology were observed to undergo different 
fouling behaviours (Fang and Shi, 2005). Most polymeric microfiltration (MF) 
membranes consist of an isotropic network of polymer fibres resulting in a highly 
interconnected pore structure. These types of membranes are typically formed by 
casting the polymer in a solvent/non-solvent mixture that results in a network of 
polymer globules. The membrane is then physically stretched in a controlled manner 
producing a structure with polymer nodules connected by thin fibres (Ho and Zydney, 
2006). Therefore, these membranes tend to have a fairly wide pore size distribution 
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throughout the membrane. This interconnected pore morphology for polyethersulfone 
(PES), polyvinylidene fluoride (PVDF), cellulose acetate (CA), 
polytetrafluoroethylene (PTFE), and so on, creates sponge-like microstructures that are 
more prone to membrane fouling than track-etched membranes of the same materials, 
and has been attributed to the effect of the uniform cylindrical pores of the track-
etched membranes (Fang and Shi, 2005). However, Ho and Zydney (1999) 
demonstrated that membranes with straight-through pores (track-etched membranes) 
caused a more rapid decline in filtrate flux since pore blockage completely eliminated 
fluid flow through the blocked pores. In contrast, membranes with interconnected 
pores caused relatively little decline in filtrate flux since fluid was able to flow around 
and under the blockage. Such disagreements on the effect of membrane morphology, 
again, reflect the complexity of membrane fouling, which must be studied in close 
relation to the compounds around and on the membrane surface.  
  
2.2.1.2 Chemical Characteristics 
Membrane Material 
Micro- and ultra-filtration membranes for MBRs can be made from a wide variety of 
materials. These materials can be categorised into four basic groups, namely 
polymeric, ceramic, glass, and metal membranes. Polymeric membranes include PES, 
PVDF, CA, polyolefin (PO), nylon, polyester (PE), polytetrafluoroethylene (PTFE), 
and regenerated cellulose. Ceramic membranes typically use aluminium or zirconium 
oxide as the material, with aluminium oxide being more commonly used. Glass and 
metal membranes are made of borosilicate glass fibres, and silver or stainless steel, 
respectively (Ho and Zydney, 2006). Ceramic membranes cost an order of magnitude 
more than the polymeric materials. However, ceramic membranes have been used 
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successfully in MBR applications in the treatment of high-strength industrial 
wastewater (Scott et al., 1998; Luonsi et al., 2002), and in domestic wastewaters. The 
main advantages of ceramic membranes over polymeric ones are the ability to 
withstand higher pressures and higher fluxes. Judd et al. (2004) showed that their 
ceramic MBR did not foul substantially at fluxes up to 60 L m-2 h-1, while polymeric 
membranes fouled at a lower flux of 36 L m-2 h-1. Newer materials such as stainless 
steel membrane modules have recently been used and have shown good hydraulic 
performance, and fouling mitigation and recovery when used in the treatment of 
wastewaters (Zhang et al., 2005). Yet, despite the advantages other membrane 
materials confer to MBR operations, polymeric membranes currently dominate the 
MBR market due to their lower cost and flexibility in membrane configurations. Even 
with the same general category of polymeric membranes, fouling propensity differed 
between different materials. For example, it was shown that PE membranes were more 
susceptible to membrane fouling than PVDF membranes (Yamato et al., 2006). 
Therefore, fouling rate is dependent on the type of membrane material used, and 
consequently it is suspected that fouling mechanism may differ as well. Studies on the 
fouling mechanism of different materials is thus, needed. 
 
Hydrophobicity 
Due to hydrophobic-hydrophobic interactions between foulants and the membrane 
material, membrane fouling is expected to be greater with hydrophobic rather than 
hydrophilic membrane (Chang et al., 1999; Madaeni et al., 1999; Sainbayar et al., 
2001; Yu et al. 2005a; Yu et al., 2005b). As a result, inherently hydrophobic materials 
such as PVDF and PES are routinely modified to render their surfaces more 
hydrophilic. However, some recent studies have shown that hydrophilic membrane 
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materials tend to be more vulnerable to foulants that are more hydrophilic in nature 
(Fang and Shi, 2005; Tansel et al., 2006). Since, hydrophilic compounds are also 
present in substantial amounts in an MBR, membrane fouling cannot be avoided 
regardless of the hydrophobicity of the membrane material. With differing fouling 
mechanisms resulting from the membrane material, it is important to understand these 
differences before fouling mitigation can be accurately and effectively applied to any 
MBR process. The lack of studies on the fouling mechanisms focusing on foulants on 
the membrane surface is detrimental to further advancement of this technology 
commercially. 
 
2.2.2  Operating Condition related Parameters 
2.2.2.1 Operating Flux and Hydraulic Retention Time (HRT) 
Optimising flux is one of the most common methods used to control fouling in MBRs. 
MBRs are generally operated in either of the two modes – constant flux or constant 
TMP, but direct comparisons between the two modes have been limited. It has been 
shown that constant flux operations avoids excessive fouling of membranes as well as 
being cost effective for submerged MBR operations (Chellam and Jacangelo, 1998; 
Defrance and Jaffrin, 1999). Operating an MBR first at constant flux just below the 
critical flux followed by constant TMP operation was found to cause severe membrane 
fouling. But when the sequence was reversed, membrane fouling was reduced. It was 
postulated that during the constant TMP period in the former sequence, small particles 
continued to permeate through the thin cake that was formed during low constant flux 
operations (Vyas et al., 2002). However, MBR operations typically choose one of the 
two modes, with constant flux being more common from a practicality point of view.   
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While the rate of membrane fouling has generally be observed to be slower in constant 
flux operations, there has been some evidence that the fouling under these low flux 
conditions may be more irreversible (Le-Clech et al., 2006). Initial fouling may be 
quite substantial under constant flux operations, even at low flux conditions. These 
foulants act as a pre-filter during subsequent operation and this effectively lowers the 
particle sizes that are capable to pass through this layer of pre-filter and the membrane 
pores. With smaller particles, internal pore blocking becomes a greater issue, leading 
to more severe irreversible fouling. 
 
The flux also affects many other physical parameters directly. These parameters 
include floc size and HRT. In any given reactor volume, an increase in flux causes a 
corresponding decrease in the HRT (Chang and Judd, 2002). Changes in HRT in turn 
affect many biomass characteristics such as MLSS concentration, sludge viscosity, 
EPS and SMP concentrations, and microbial community due to changes in the organic 
loading rate. The impact of these factors will be discussed in later sections. 
 
In some situations, even operating at critical flux conditions was found to be 
economically unfeasible (Vyas et al., 2002). This was due to the low volume of 
permeate production. There is an increasing trend towards operating MBRs at as high a 
flux as possible without sacrificing other operational problems. Therefore, there is a 
need to understand the fundamental mechanics of membrane fouling at different flux 
conditions. It is suspected that the fouling mechanism under sub-critical flux 
conditions is vastly different from the mechanism at super-critical flux conditions. And 
it is only through an understanding of these differences in fouling mechanisms can 
useful control strategies be devised for MBRs operated at higher flux conditions.  
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2.2.2.2 Solids Retention Time (SRT) 
SRT represents the average residence time each particle or microorganism spends in 
the reactor system before being removed, and is the main parameter that affects many 
biomass characteristics, such as MLSS concentration and microbial community. Due 
to changes in the MLSS, and mixed liquor volatile suspended solids (MLVSS) 
concentrations, the food-to-mass (F/M) ratio is also altered with variations in the SRT.  
 
There has been a general trend towards applying lower SRT in MBRs compared to 
long SRT application due to the lower MLSS concentration in the former resulting in a 
more manageable operation. However, operating at a long SRT may not inevitably 
lead to increase in fouling propensity because of the high MLSS concentration (Zhang 
et al., 2006b). Currently, the most popular range of SRTs in MBRs operated 
commercially is between 8 to 20 d. The decrease in SRT from 100 d to 20 d resulted in 
a decrease in fouling propensity and thus less frequent membrane cleaning was 
required (Le-Clech et al., 2006). Yet, operating at low SRTs may not eventually 
mitigate fouling issues effectively. Extremely low SRTs have been tested to assess 
fouling propensity in MBRs (Trussell et al., 2006). A low SRT of 2 d was found to 
increase fouling propensity by 10 times as compared to an SRT of 10 d. This was 
attributed to the increase in F/M ratio. An MBR with SRT of 0.25 d was operated by 
Ng and Hermanowicz (2005) and the reason for increased fouling propensity was due 
to the elevated levels of EPS in the activated sludge solution.  
 
With such disadvantages of MBR operation at low SRTs, the tendency to run MBRs at 
longer SRTs increases. However, the increase in SRT lead to other operational 
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problems and fouling related issues. At long SRTs, non-biodegradable materials 
accumulate within the reactor, and lead to clogging of the membrane module (Le-
Clech et al., 2005). The increased MLSS concentration as a result of long SRT is also 
another possible factor for high fouling propensity (Han et al., 2005). Other biological 
factors affected by the SRT include SMP and EPS concentrations, viscosity, and 
microbial community. For example, a long SRT favours the growth of filamentous 
bacteria and increases fouling propensity. The dominant group of microorganism also 
shifts from β-proteobacteria and could affect membrane fouling (Manz et al., 1994). 
The various biomass parameters will be discussed in detail in later sections.  
 
The effects of SRT on biomass parameters are complex and its impact on membrane 
fouling is indirect at best. Yet, it is the one operating parameter that is useful in 
controlling membrane fouling in MBRs. Overall, there should be an optimal SRT, in 
which fouling propensity is minimised. The fouling mechanism of MBRs under 
commonly used SRTs of between 10 to 20 d is not well understood since, as reflected 
in current literature, the focus had not been on the fouling mechanism based on 
foulants on the membrane surface but extrapolated from quantified parameters based 
on biomass characteristics. There is, therefore, a need to understand membrane fouling 
even within the commonly used range, in order to develop proper operating parameters 
for an MBR system. 
 
2.2.3  Biomass (Sludge) related Parameters 
2.2.3.1 Mixed Liquor Suspended Solids (MLSS) Concentration 
Changes in the MLSS concentration have been linked to membrane fouling due to its 
consistent and immediate changes in response to differences in SRT and HRT. Thus, it 
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has been the main focus on fouling parameters in many MBR studies. Generally, an 
increase in the MLSS concentration had been reported to increase fouling propensity, 
and therefore reduce the permeate rate. Yet, controversial findings have been reported 
as well. Some studies indicated that an increase in MLSS concentration may have a 
positive impact on the hydraulic performance of an MBR, while other studies have 
reported negligible influence of MLSS concentrations on membrane fouling. These 
issues will be dealt with in this review. 
 
On the one hand, without considering other fouling parameters, an increase in the 
MLSS concentration appears to have a mostly adverse impact on a membrane’s 
hydraulic performance, by virtue of higher TMP or lower flux values (Cicek et al., 
1999; Chang and Kim, 2005). With an increased concentration of solids, there was a 
corresponding increase in potential membrane foulants. With this increase, there was 
an enhanced attachment of foulants on the membrane surface and increased biofilm 
and cake formation. The higher viscosity brought about by the higher MLSS 
concentration reduced aeration efficiency and therefore reduced membrane 
permeability (Huang et al., 2001; Judd, 2006). 
 
On the other hand, some authors reported the converse. An increase in the MLSS 
concentration actually resulted in a retarded rising rate of TMP (Defrance and Jaffrin, 
1999; Brookes et al., 2006). This was attributed to the formation of a dynamic 
membrane layer by larger floc particles. Small particles that will rapidly deteriorate 
membrane permeability were interrupted from directly adsorbing onto the surface and 
inside membrane pores. This then alleviated the rate of membrane fouling (Lee et al., 
2001; Le-Clech et al., 2003c). Still, there were groups that reported the MLSS 
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concentration had little or insignificant effect on membrane permeability (Hong et al., 
2002; Lesjean et al., 2005). 
 
Detailed fouling trend was analysed and it appeared that a rise in MLSS concentration 
decreased fouling rate when the MLSS concentration was less than 6 g L-1, and 
permeability was adversely affected when the MLSS concentration was more than 15 g 
L-1. Between 8 and 12 g L-1, the MLSS concentration had no significant effect on 
membrane fouling (Rosenberger et al., 2005). 
 
The evidence of contradicting results indicated that the effect of individual fouling 
parameters cannot be evaluated on its own due to the interrelatedness of all the various 
factors. The MLSS concentration alone cannot accurately describe fouling propensity 
in an MBR especially when other major factors such as EPS and SMP concentrations 
differ. Therefore, detailed fouling trend can only be described by first identifying the 
foulants on the membrane surfaces, not by only analysing characteristics of the bulk 
solution. Moreover, while many empirical relations between MLSS concentration and 
flux have been proposed (Sato and Ishii, 1991; Krauth and Staab, 1993; Shimizu et al., 
1996), but as evident from the conflicting results, they are of limited use as these 
relationships have generally been obtained under very specific conditions, and 
considering only a limited number of operating parameters, while ignoring others. 
 
2.2.3.2 Relative Hydrophobicity (RH) 
The relative hydrophobicity (RH) of the biomass or flocs is measured by the affinity of 
bacteria in the activated sludge suspension to hydrocarbons. Hexadecane is typically 
used as the organic layer for such tests (Jang et al., 2005b). Generally, it is believed 
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that hydrophobic membranes exhibited a higher fouling potential due to interactions 
with hydrophobic organic compounds in the sludge suspension (Leslie et al., 1993; 
Knoell et al., 1999; Pasmore et al., 2001). Brant and Childress (2004) showed that 
majority of cell surfaces were hydrophobic and were expected to adhere more easily 
onto hydrophobic membranes by means of hydrophobic-hydrophobic interactions. 
Therefore, sludge with high RH values would have high flocculation propensity and 
should have low interaction with the hydrophilic membranes. However, it has also 
been reported that highly hydrophobic flocs may also cause membrane fouling on 
hydrophilic membranes (Le-Clech et al., 2006). Direct effect of sludge RH may be 
difficult to assess as the EPS concentration has a direct influence on the RH (Meng et 
al., 2006b).  The hydrophobic and waxy nature of foaming sludge has also been 
reported to increase membrane fouling by more than 100 times (Chang and Lee, 1998).  
 
However, interaction between hydrophilic cell surface groups with hydrophilic 
membranes should also be taken into account, since cell surfaces are reported to have 
electron-accepting nature. The origin of hydrophobic material can be attributed to 
glucans and mannoproteins, while the hydrophilicity may originate from amino acids 
and phosphates (Lipke and Ovalle, 1998). Therefore, interaction between cells and 
membranes become more complicated. Since RH is also affected by EPS and SMP 
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2.2.3.3 Extracellular Polymeric Substances (EPS) and Soluble Microbial Products 
(SMP) Concentrations 
A large number of publications have been published on membrane fouling by bio-
polymeric substances. But due to the lack of convention in terms of definition and 
preparation methods, such results need to be compared and contrasted carefully. To 
facilitate this review, the definitions of EPS and SMP and their extraction methods will 
be detailed below and used consistently thereafter. 
 
EPS are materials that aid in aggregating individual cells into biofilms or sludge flocs, 
and can be found on cell surfaces and in the intracellular spaces of microbial 
aggregates. The materials consist of a wide variety of compounds, including proteins, 
polysaccharides, nucleic acids, and lipids (Flemming and Wingender, 2001). SMP, on 
the other hand, are materials present in the activated sludge supernatant and are not 
directly associated with the cells. These soluble cellular components are released 
during lysis, lost during cell synthesis, or excreted from cells, and therefore contain the 
same bio-organic compounds as EPS (Laspidou and Rittmann, 2002; Li et al., 2005a). 
A small portion of SMP may also be contributed by the substrate, such as from 
domestic wastewaters (Figure 2.2). 
 
 
Figure 2.2 Definitions of SMP and EPS. 
 
Studies on the effects of EPS rely on extracting the extracellular materials from the 
cells and sludge flocs. Therefore, the extraction method used will impact on the 
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amount of EPS collected. Thus far, there have been no standard methods for the 
extraction of EPS. Methods vary from sonication (Dignac et al., 1998) to chemical 
extraction with formaldehyde and sodium hydroxide (Liu and Fang, 2003), and from 
cation exchange resin (CER) (Frølund et al., 1996; Gorner et al., 2003; Jang et al., 
2005a) to heat treatment (Morgan et al., 1990). Comparisons between the various 
methods have been made, and it was found that extraction with formaldehyde was the 
most effective in terms of EPS concentration obtained, while efficacy of the CER 
method varied according to the time of the extraction process and stirring speed. 
Because of the simplicity of the heating method, without the use of chemicals that 
could complicate downstream analytical tests, many researchers have preferred to use 
this extraction method (Zhang et al., 1999; Comte et al., 2006). Thus, EPS extraction 
will be based on the heating method for this study (Figure 2.3). 
 
Figure 2.3 EPS extraction method used in this study. 
 
EPS and SMP are typically studied for their protein and carbohydrate concentrations 
(EPSp, EPSc, SMPp and SMPc, respectively) and measured by photometric methods, 
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which will be described in later sections. In this study, carbohydrates, which by 
definition include polysaccharides, will be used when reporting all EPS and SMP data.  
 
Extracellular Polymeric Substances (EPS) 
EPS has been identified as a major fouling parameter (Nagaoka et al., 1996; Nagaoka 
et al., 1998; Chang and Lee, 1998; Cho and Fane, 2002; Rosenberger and Kraume, 
2002). In general, it was found that when there was an increase in EPS concentration, 
regardless of protein or carbohydrate compounds, there would be a corresponding 
increase in the rate of membrane fouling, even though the relationship may or may not 
be linear. Cho et al. (2005) found a functional relationship between specific resistance, 
MLVSS, TMP permeate viscosity and EPS. This relationship had been demonstrated 
by many earlier research works, albeit in segmented forms. EPS was found to have no 
effect on specific resistance below 20 and above 80 mgEPS g-1VSS, but played a 
significant role in membrane fouling between these two limits. This was corroborated 
by other studies that indicated that there was no clear relationship between EPS and 
membrane fouling for concentrations below 10 mgEPS g-1SS (Yamato et al., 2006), 
and specific resistance increased linearly with EPS concentrations increasing from 20 
to 130 mgEPS g-1SS (Fawehinmi et al., 2004).  
 
However, such relationships only expose the influences EPS have on membrane 
fouling, while the mechanism has been ignored, or only hypothesised at best. 
Therefore, no reasonable or effective fouling control strategies could be developed, 
resulting in slow advances in developing better control strategies. Only when a 
relationship between EPS and membrane fouling mechanism is identified can MBRs 
be operated at higher flux conditions with minimal or sustained fouling. 
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Soluble Microbial Products (SMP) 
Research works showing the impact of EPS on membrane fouling lead to attempts to 
protect the membrane from biomass in the bulk solution (Ng et al, 2005). The set-up 
incorporated a settling tank such that the membrane filters mostly supernatant. 
However, higher filtration resistance was observed for this set-up compared to 
membranes filtering the bulk solution with an MLSS concentration of 4 g L-1. This 
indicated that dissolved organic compounds (SMP) in the supernatant have a large 
impact on membrane fouling as well.  
 
Methods for separating the soluble products in the liquid phase from the solids in the 
bulk solution vary from centrifugation only (Evenblij and van der Graff, 2004) to 
filtering through filter papers with pore sizes ranging from 12 µm (Evenblij and van 
der Graff, 2004) to 1.2 and 0.45 µm (Le-Clech et al., 2006). Due to these differences, 
comparing SMP results from different research groups tends to be difficult. In general, 
most researchers prefer to use smaller pore sized filter paper such that the filtrate 
obtained contains only soluble compounds. 
 
Generally, a decrease in SMP concentration was found to alleviate the rate of 
membrane fouling in an MBR, and this decrease was reported to be the main 
contributor to enhanced membrane performance (Lee et al., 2007). A counter study 
involving an increase in SMP concentrations was found to increase membrane fouling. 
This was attributed to the adherence and adsorption of biomolecules to the membrane 
surface, resulting in pore blocking and the formation of gel and cake layers, which 
provided a possible source of nutrients for biofilm formation and hydraulic resistance 
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to permeate flow (Rosenberger et al., 2005; Jeong et al., 2007). Direct linear 
relationships between the loss of MBR hydraulic performance with SMP 
concentrations have also been demonstrated (Fawehinmi et al., 2004), and 
mathematically modelled (Lee et al., 2002). 
 
In spite of all the evidence and mathematical models, conflicting results were obtained 
as well. Li et al. (2007) observed that there was no increase in fouling propensity with 
an elevation in SMP concentrations. Instead, the increase in EPS was found to be the 
main parameter that induced membrane fouling. Such results were corroborated with 
those published by Cho et al. (2005). Specific ultra-violet absorption (SUVA) analyses 
showed a portion of larger, more aromatic, more hydrophobic and double-bonded rich 
organics which originated from decayed biomass rather than the feed (Shin and Kang, 
2003). However, it may be in the differing definitions of SMP that led to such a 
conclusion, since these organic compounds regardless of its origin may also be 
considered as SMP constituents so long as they are in soluble form of the supernatant 
of the MBR. 
 
Another study revealed that soluble organics alone cannot predict MBR fouling (Lee et 
al., 2001). By comparing filterabilities of attached and suspended growth systems in an 
MBR, it was found that the former had a membrane fouling rate of about seven times 
greater than the latter system. With similar SMP concentrations in the reactors, the 
difference in filtration capabilities was attributed to the formation of a protective 
dynamic membrane by the suspended solids as described by Le-Clech et al. (2003c). 
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Such conflicting results led some researchers to compare the protein and carbohydrate 
contents of SMP and EPS. Ma et al. (2006) and Meng et al. (2006a) demonstrated that 
a higher protein-to-carbohydrate (P/C) ratio decreases membrane permeability. 
Hydrophobic proteins preferentially adhere to mildly hydrophobic membrane surfaces 
and increases pore blocking due to hydrophobic-hydrophobic interactions. Yet, again, 
contradictory results were reported in other studies (Mukai et al., 2000; Evenblij and 
van der Graff, 2004; Lesjean et al., 2005). A lower P/C ratio could also lead to a 
greater fouling rate. More specifically, SMPc was identified as the major foulant 
indicator in MBR systems. In unsteady state conditions, it was observed that SMPc 
could not be correlated to fouling due to the fluctuations in concentration (Drews et al., 
2005). These differences in results and conclusions serve to indicate the complexities 
in membrane fouling. 
 
Moreover, differences in extraction methods and filter pore sizes through which 
samples are filtered all affect SMP and EPS concentration and characterisation. As a 
result, comparison between different research groups is difficult. Only a general trend 
may be obtained, although the trend may also vary from study to study. Therefore, 
standardisation of the extraction procedure and filter pore size is essential in allowing 
proper characterisation of SMP and EPS samples, and in determining their impacts on 
membrane fouling. 
 
SMP and EPS concentrations are dependent on a great number of factors such as the 
HRT, F/M ratio, substrate concentration, MLSS concentration, SRT and so on. And 
the SMP and EPS concentrations, in turn, affect other parameters such as the RH, and 
viscosity. Therefore, it may be difficult to isolate their impact on membrane fouling. 
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As such, qualitative and quantitative analyses of various EPS and SMP components in 
the bulk solution as well as foulants on the membrane surface are necessary in order to 
understand the impact the various compounds in EPS and SMP have on membrane 
fouling. Such inter-related factors necessitate systematic studies and the use of 
appropriate statistical tools to understand membrane fouling, and to develop the 
mechanical process towards which fouling is promoted on a membrane surface. 
Therefore, further studies are warranted. 
 
2.2.3.4 Microbial Community 
The type of bacterial community in an MBR may have an impact on membrane 
fouling. Generally, the β-subclass of Proteobacteria is dominant in aerobic activated 
sludge samples. But there is a huge list of microorganisms under this category, and 
each occupying a unique physiological or metabolic niche. It was shown that microbial 
community changes with variations in the SRT (Sofia et al., 2004; Ma et al., 2006). 
Sofia et al. (2004) concluded dominance shift in a group of bacteria under longer SRT 
helped minimise membrane fouling. Piao et al. (2006) found that bacterial strains from 
the membrane surface were distinctly different from those from the bulk solution. γ-
Proteobacteria more selectively adhered to and grew on the membrane surface than 
other microorganisms. These bacteria had higher cell surface hydrophobicities, higher 
EPS concentrations and higher P/C ratios than those from suspended solids. Yet, Ma et 
al. (2006) reported that no specific microorganism predominantly attaches onto the 
membrane surface, which starkly contrasted with Piao and his co-workers. This could 
be due to the tests conducted. Ma et al. (2006) conducted community profiling of the 
activated sludge and of the biofilm on the membrane surface by denaturing gradient 
gel electrophoresis (DGGE). While both samples showed identical strains present, 
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dominance of any strain could not be identified due to the limitations of DGGE. 
However, based on the intensity of the bands on the gel image, it was likely that there 
was some shift in dominance of bacteria between the activated sludge and biofilm.  
 
The structure of the biofilm that develops on the surface and resulting in increased 
hydraulic resistance (Chang and Judd, 2002; Meng et al., 2006b; Li et al., 2007) is 
important as well. The thickness and compactness of the fouling layer may affect TMP 
adversely, and vice versa. A high TMP causes a faster flux decline because it causes a 
more compact biofilm to be formed. The decrease in porosity and thickness of the 
biofilm resulted in a decrease in permeation (Meng et al., 2006a). Such effects are due 
to the structure of the biofilm, and few studies have been conducted on it. As such, 
further studies on its effect on membrane fouling are necessary to understand and 
control fouling.  
 
Limited biofilm studies on submerged MBR have been conducted but since the biofilm 
that forms on membrane surfaces is a major factor in MBR fouling (Ramesh et al., 
2006), it is important to study and understand this phenomenon. Biofilm and 
biofouling related studies will be discussed in later sections.  
 
2.3  Fouling Mechanisms in MBRs 
2.3.1  Constant Transmembrane Pressure (TMP) Operation 
MBRs can be operated at constant TMP, in which permeation will decline over time. A 
rapid flux decline is expected to occur during the initial stages of operation before 
slowly reaching a plateau. Bae and Tak (2005) hypothesised a three-phase fouling 
mechanism for MBRs operated at constant TMP (Figure 2.4).  
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Figure 2.4 Fouling mechanisms for MBR operated at constant transmembrane pressure. 
 
2.3.2  Constant Flux Operation 
Compared to constant TMP operations, MBRs are more routinely operated under 
notionally constant flux conditions, with the convection of foulants towards the 
membrane surface occurs without diminishing, and fouling phenomena self-accelerates 
and eventually causes a sharp rise in TMP. The accumulation of foulants on the 
membrane surface is maintained at a constant rate determined by the flux. Since 
fouling rates increases exponentially with flux, sustainable operation dictates that 
MBRs should be operated at modest fluxes, preferably below the critical flux (Le-
Clech, 2006). However, even sub-critical flux operations may lead to fouling in the 
long term (Judd, 2006). Based on works carried out over the years, Zhang et al., 
(2006a) proposed a three-stage fouling mechanism for MBRs operated at constant flux 
operations (Figure 2.5). 
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Stage 1: Conditioning Fouling 
Initial conditioning of the membrane surface arises when strong interactions take place 
between the membrane surface and EPS and SMP present in the mixed liquor. Rapid 
irreversible fouling and passive adsorption of colloids and organics have been 
observed in this initial stage even for zero-flux operation and prior to particle 
deposition of any kind (Ognier et al., 2002a). Conditioning fouling has been reported 
to contribute 20 to 2,000% of clean membrane resistance (Ognier et al., 2002b). 
However, once filtration started, the contribution of the conditioning layer was found 
to be negligible as compared to the contribution by other foulants (Choi et al., 2005). 
Colloidal adsorption and initial pore blocking of new membranes by organic 
substances is expected in MBRs (Jiang et al., 2005). The intensity of such conditioning 
fouling is dependent on the intrinsic membrane surface properties and the activated 
sludge (Ognier et al., 2002c). Conditioning fouling may also be caused by biological 
flocs that roll and slide across the membrane. These flocs routinely leave a residual 
EPS footprint or of smaller flocs (Zhang et al., 2006a). Other fouling materials are 
then promoted and adhere more easily by the conditioning layer. 
 
Stage 2: Steady Fouling 
After Stage 1, the membrane is expected to be mostly covered by SMP, which 
promotes the attachment of biomass particulate and colloidal material. Further 
adsorption and deposition of organics on the membrane surface may also occur. Since 
adsorption occurs not only within the membrane pores, but over the entire membrane 
surface, cake formation may be possible without affecting TMP rise too adversely. 
This, however, is expected to worsen over time. The rate of fouling is expected to 
Chapter 2  Literature Review 
Membrane Fouling Characterisation in Aerobic Submerged Membrane Bioreactors  Page | 39 
increase when the operating flux is higher, and will result in a shorter Stage 2 process 
(Zhang et al., 2006a). 
 
Stage 3: TMP Jump 
With regions of the membrane surface more fouled than others, permeability is 
significantly less in those specific locations. This results in the promotion of 
permeation in areas that are not fouled, and eventually exceeding a critical flux in 
those locations. Under such conditions, the fouling phenomenon is self-accelerating 
and extremely rapid. The sudden rise in TMP is a consequence of constant flux 
operations and several mechanisms can be postulated for this rapid increase (Zhang et 
al., 2006a). 
1. Inhomogeneous area loss fouling model 
2. Inhomogeneous pore loss fouling model 
3. Critical suction pressure model 
4. Percolation theory 
5. Inhomogeneous fibre bundle model 
 
The five proposed mechanisms are self-accelerating and is a unique feature of Stage 3 
fouling. Therefore, a rapid rise in TMP is expected. Further details about the 
mechanisms are described by Le-Clech et al. (2006). 
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Figure 2.5 Fouling mechanisms of MBR operated at constant flux (adapted from Zhang et al., 2006a). 
 
2.4  Biofilms 
As earlier mentioned, the formation of biofilms on membrane surfaces is thought to be 
one of the major factors in membrane fouling. Thus, understanding the fundamentals 
of biofilms is essential towards understanding membrane fouling in an MBR. 
Microorganisms, whenever possible, attach to surfaces and develop biofilms. These 
biofilm-associated cells can be differentiated from their suspended counterparts by 
their generation of an EPS matrix, reduced growth rates, and the up- and down- 
regulation of specific genes. The attachment is a complex process regulated by the 
diverse characteristics of growth medium, substratum, and cell surface. An established 
biofilm structure has a defined architecture comprising of microbial cells and EPS. The 
structure provides an optimal environment for the influx of nutrients and the exchange 
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of genetic material between cells. Cells may also communicate via quorum sensing, 
which may in turn affect biofilm processes such as detachment. Biofilms are important 
for the performance of membrane bioreactors. And a greater understanding of biofilm 
processes; its development, structure and architecture should lead to novel and 
effective strategies for biofilm control (Consterton et al., 1987; Flemming and Schaule, 
1996; Donlan, 2002; Hall-Stoodley et al., 2004). 
 
2.5 Biofilm Formation as a Developmental Process 
The complex architecture of biofilms as described by the heterogeneous model 
indicates that biofilm development is not simple and uniform, but rather more complex 
and differentiated. Thus, in order to understand biofilm structure, and develop effective 
control strategies in an MBR, it is necessary to appreciate the stage-wise development 
of biofilms in general.  
 
Biofilm development can be categorised into five distinct stages. These are (1) 
reversible attachment, (2) irreversible attachment, (3) early development of biofilm 
architecture, (4) maturation of biofilm, and (5) detachment. Detached cells are believed 
to return to the planktonic mode of growth, thereby closing the biofilm developmental 
life cycle (Figure 2.6). These developmental stages indicate significant episodes in 
biofilm formation. Bacteria in each of the stages of biofilm development are generally 
believed to be physiologically different from cells in other stages. The average 
difference in protein production in each stage was reported to be 35% of detectable 
proteins. There was a general increase in the production of protein from Stages 1 to 4, 
with the exception of the transition from a mature biofilm to its detachment (Stage 5), 
which showed a 35% reduction of detectable proteins (Singleton et al., 1997; Davey 
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and O’Toole, 2000; Lewandowski, 2000; Consterton and Stewart, 2001; Donlan, 2002; 
Sauer et al., 2002; Stoodley et al., 2002; Pereira et al., 2002; Lawrence et al., 2003; 
Hall-Stoodley et al., 2004). Studies have to be conducted to ascertain the specifics of 
each development stage in complex biofilm systems, and within the technical systems 
such as an MBR (Eighmy et al., 1983).  
 
 
Figure 2.6: Five-stage biofilm development process. Stage 1: initial attachment of cells to the surface. 
Stage 2: production of EPS resulting in more firmly adhered “irreversible” attachment. Stage 3: early 
development of biofilm architecture. Stage 4: maturation of biofilm architecture. Stage 5: dispersion of 
single cells from the biofilm. The bottom panels (a-e) show each of the five stages of development 
represented by a photomicrograph of Pseudomonas aeruginosa when grown under continuous-flow 
conditions on a glass substratum (adapted from Stoodley et al., 2002). 
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2.6  Problems associated with Biofilms - Biofouling 
Undesirable effects of biofouling present themselves as biofilms proliferate in 
technical systems. Biofouling is a serious problem with respect to efficient operation 
of technical systems. It is defined as biofilm formation resulting in an unacceptable 
degree of system performance loss such as increased fluid friction drag in flow 
systems, or decrease in permeate flux in MBRs. Biofilm formation invariably precedes 
biofouling and countermeasures should be implemented based on an understanding of 
the growth, development, and structure of biofilms; and more practically for this study, 
in MBRs. 
 
Biofouling of membranes employed in water and wastewater treatment, and 
purification systems have generated considerable attention over the years. The porous 
membranes, large surface areas, and operational conditions, in which a confined 
environment that is rich in nutrients at the membrane surface, are perfect or the 
proliferation of biofilms. 
 
Flemming et al. (1994) summarised the negative effects of membrane biofouling as: 
Increased separation system resistance by the biofilm 
This leads to a decrease in permeate production, as well as an increase in TMP, with a 
subsequent increase in energy consumption. 
Formation of a gel phase between water and membrane surface 
Due to the diffusion resistance of the gel matrix, convective mass transport next to the 
membrane surface is inhibited. This leads to an increase in concentration polarisation 
on the membrane, which may lead to scaling problems. 
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Microbial attack on membranes 
Biofilms excrete acids and exoenzymes that attack membranes and their support 
materials. This is especially true for polymeric membrane such as cellulose acetate, 
which can by hydrolysed directly. Such membrane deterioration leads to microbial 
contamination of the permeate. 
Increased costs 
Direct and indirect costs incurred via the loss of product quality and quantity, higher 
energy demands and higher pre-treatment and cleaning demands are all due to the 
negative effects of biofilm formation in membrane systems. 
 
2.7 Biofilm Structure 
Biofilms are known to adapt their structure for survival in various environments. 
Intriguingly, biofilms formed in vitro from single species and those produced in nature 
by mixed species consortia exhibit similar overall structural features (Davey and 
O’Toole, 2000).  Most biofilms have been found to exhibit some level of heterogeneity 
such that patches of cell aggregates, not monolayers, were interspersed throughout an 
exopolysaccharide matrix and varied in density, creating open areas where water 
channels formed (Wimpenny et al., 2000). The visual characteristics of biofilms 
growing in diverse environments are striking similar, indicating that there may be 
important convergent survival strategies that are conferred in part by structural 
specialisation and by understanding why such specialisation occurs may fouling 
mitigation be better designed. Factors affecting biofilm structure include 
hydrodynamic conditions (Davey and O’Toole, 2000; Stoodley et al., 2002Pereira et 
al., 2002Purevdoj et al., 2002; Stoodley et al., 2002Kwok et al., 1998), nutrient 
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conditions (Schramm et al., 1996; Davey and O’Toole, 2000; Hall-Stoodley et al., 
2004), and EPS. 
 
2.7.1  EPS 
Both biofilms and the fouling cake layer are composed primarily of microbial cells and 
EPS. EPS may account for 50 to 90% of the total organic carbon of biofilms, and can 
be considered the primary matrix material of the biofilm. Some of the polysaccharides 
are neutral or polyanionic, as it is the case for the EPS of gram-negative bacteria. This 
property is important because it allows association of divalent cations such as calcium 
and magnesium, which have been shown to cross-link with the polymer strands and 
provide greater binding force in a developed biofilm. In the case of some gram-
positive bacteria, the chemical composition of EPS may be quite different and may be 
primarily cationic (Donlan, 2002). 
 
Two important properties of EPS may have a marked effect on biofilms. First, the 
composition and structure of the polysaccharides determine the primary conformation 
of the biofilm, rendering it more rigid, less deformable, insoluble or otherwise. 
Second, the EPS of biofilms is generally not uniform and may vary spatially and 
temporally (Donlan, 2002). Therefore, EPS determines both the structure and cohesive 
strength of biofilms and the fouling layer on membrane surfaces. Very little 
information about the structure of the fouling layer has been reported, let alone the 
individual characteristics of the various constituents within the layer. Understanding 
such information will shed light on fundamentals of membrane fouling in an MBR. 
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It is yet unclear if the increased density and strength of biofilm exposed to the shearing 
forces in an MBR are regulated at the genetic level and occur through selection 
process, wherein only those cells that produce strong EPS remain attached to the 
substratum, or are determined purely by physical mechanisms, wherein the alignment 
of EPS polymers that would be expected to occur when subjected to unidirectional 
shear. Microbial community analyses of the biofilm and activated sludge in MBRs 
have not presented any clear findings on this issue (Ma et al., 2006; Piao et al., 2006). 
However, structural deformation of laboratory grown biofilms in response to normal 
and shear loading conditions demonstrated that biofilms are viscoelastic and such 
properties are influenced by multivalent cations, presumably due to cross-linking of 
polymers in the EPS matrix (Stoodley et al., 2002). 
 
It is traditionally believed that the more EPS in the activated sludge of an MBR, the 
greater is the membrane fouling potential (Cho and Fane, 2002). However, recent 
developments have shown that analyses of physico-chemical characteristics in the bulk 
solution may be insufficient and the spatial distribution of EPS inside the fouling layer 
may be more important. A more uniformly spread out layer of polysaccharides in the 
biofilm results in a lower porosity, giving rise to a greater loss in filterability (Yun et 
al., 2006). 
 
2.7.2  Quantifying Biofilm Structures 
Structural and temporal complexities of biofilms were successfully modelled using 
simple rules that are based on localised growth patterns determined by the distribution 
of nutrients and fluid shear. Models also predict that biofilm heterogeneity can be 
maintained through the production of diffusible ‘detachment factors’, which cause 
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localised detachment of biofilms (Hall-Stoodley et al., 2004). Picioreanu et al. (1998) 
modelled three-dimensional growth of biofilms, but the model assumed microbial 
growth in a static liquid environment. Convective flow, hydrodynamics around the 
biofilm, together with biomass detachment were unaccounted for in the study.  
 
Insufficient knowledge of structural characteristics of biofilm leads to the inaccuracies 
of biofilm modelling. Therefore, it was a great advantage when biofilm structures 
could be imaged in situ. The application of CLS to biofilm research radically altered 
our perception of biofilm structure and function. CLSM allows the visualisation of 
fully hydrated samples and has revealed the elaborate three-dimensional structure of 
biofilms (Davey and O’Toole, 2000). Such techniques have only been recently adopted 
to analyse the fouling layer in an MBR system. 
. 
The use of CLSM provides three-dimensional visualisation of structures in the fouling 
layer and allows computer reconstruction of the architecture (Yang et al., 2006b). The 
pinhole in CLSM screens out-of-focus light originating from above and below the 
plane of focus, thus eliminating defocused information from the final image. This 
mechanism is especially useful for biofilm samples, where out-of-focus information 
due to the biofilm thickness distorts images obtained using conventional light or 
epifluorescent microscopy. Given the variations in physical structure in the biofilm 
fouling layer of an MBR, it appears imperative that the samples of the fouling layer 
remain intact during their recovery and subsequent analyses. 
 
There is little doubt among biofilm researchers that biofilm structure is important to 
many biofilm processes, such as nutrient transport within the biofilm and mass 
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transport rates near and within the biofilm. This structure ultimately controls microbial 
activity and the rate of biomass accumulation in the biofilm. Since biofilm structures 
are visually different, it is expected that these differences reflect environmental factors 
that affect microbial community composition, accumulation, hydrodynamics and so 
on. But thus far, most of the effects that biofilm structure has on biofilm processes are 
hypothetical. Recent developments in tools to quantify biofilm structure have tried to 
correlate the structure to the processes that the structure is believed to influence 
(Beyenal et al., 2004a). And the effect of biofilm structure on membrane permeability 
has only recently been studied, but is in its infancy (Yun et al., 2006). 
 
Singleton et al. (1997) demonstrated that colonisation mapping experiments can be 
conducted with CLSM using appropriate stains for various components. This allowed 
for visualising early colonisation events and spatial relationships between bacterial 
species, and EPS over time. Using CLSM, it has been possible to delineate regions of 
space, cells, and EPS while optically sectioning and creating three-dimensional images 
of biofilms. Jin et al. (2006) reported, with the use of SYBR Green I to stain nucleic 
acids in bacterial cells, that it was possible to obtain structural characteristics of a 
biofilm in an MBR. This provides a good example of how a better understanding of 
biofilm structure can reveal detailed information about the physico-chemical properties 
of biofilms in MBRs. However, to identify only bacterial cells as the unique parameter 
for porosity calculations of the fouling layer is grossly insufficient. Structural 
characteristics in a biofilm may be conferred by a host of other constituents such as 
extracellular polysaccharides, proteins, and lipids. And the effect of each constituent 
on membrane filterability may be distinctly different as well. 
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The use of Nile Red, fluorescently labelled lectins and Sypro Orange in combination to 
stain biofilms was demonstrated for oral biofilms (Lawrence et al., 2003). Such 
combination staining method allows for the images of lipids and polysaccharides, and 
lipids and proteins to be superimposed together forming a coherent image of 
lipopolysaccharide and lipoprotein, respectively. It is believed that both molecular 
compounds are important in the structural formation of biofilms. Furthermore, 
demonstration of other extracellular materials such as deoxyribonucleic acids (DNA) 
and polysaccharides are required for biofilm formation has been reported in literature 
(Whitchurch et al., 2002; Chan et al., 2004; Yang et al., 2006b). As such, a 
comprehensive structural study using the major fouling components in MBRs is 
lacking, and therefore studies geared towards understanding these compounds in their 
role and structural formation in the fouling layer of MBRs and their importance 
towards membrane permeability have to be conducted.  
 
Beyenal et al. (2004b), Meng et al. (2005), and Yun et al. (2006) demonstrated that 
CLSM images can be quantitatively described with appropriate image manipulation 
and analysis software. Changes in biofilm structure can be described using textural and 
volumetric parameters and by three-dimensional fractal analysis. However, it is 
impossible to objectively decide when two biofilms are different. This distinction must 
be based on an arbitrary definition of a significant difference. Nonetheless, three-
dimensional parameters are superior and more descriptive in quantifying biofilm 
morphology than qualitative descriptions. 
 
The complexity and variability of such biological matrices made up of microorganism 
influence microbial activity as well as biofilm physical properties, and significantly 
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influences membrane fouling and permeability. Detailed characterisation and 
quantifying the internal structure of the fouling layer is essential for understanding the 
impacts the major fouling constituents have on membrane fouling, and for developing 
appropriate measure to either control or remove the fouling layer in MBRs. 
 
2.8  Macroscopic Characterisation of Membrane Fouling 
Fouling characterisation depends greatly on the scale of observation, and that 
determines what reality is to the observer. Advances in imaging techniques, such as 
CLSM, introduced new micrometre range for observing membrane fouling in MBRs. 
However, some large scale heterogeneities like ripples or dunes can only be observed 
on larger scales (Milferstedt et al., 2006; Milferstedt et al., 2007). Indirect optical 
methods combined with image analysis may be used to monitor biofilm development 
over time, and with little disturbance. A scanner-based procedure developed by 
Milferstedt et al. (2006) was shown to be able to structurally characterise biofilm 
development. Pons et al. (2008) and Milferstedt et al. (2008) showed that 
macrostructural analyses were capable to displaying biofilm textural information more 
comprehensively and were capable to identifying and assigning the various 
developmental states to biofilm images. It is believed that such a method could be 
useful in describing membrane fouling development in flat plate MBRs. For MRBs, 
the role of large scale heterogeneities of the fouling layers and their development are 
not well understood. With a robust characterisation of the temporal development of 
macroscale characteristics of the fouling layer, a rapid and cheap membrane fouling 
monitoring system may be developed. 
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2.9  Summary 
1) Although there are many publications on membrane fouling, the diverse 
operating conditions and feed water matrices complicate matters in relating one result 
to another. Thus, even generalisation of the fouling mechanism has been unsuccessful. 
Fundamental studies on membrane fouling are wanting and require a more controlled 
study procedure, and the analyses of the foulants on the membrane surface. 
 
2) MBRs have been operated at sub-critical flux conditions to minimise the 
impacts of membrane fouling, and for long-term sustainable operations. However, 
membrane fouling continues to plague MBR operations regardless. A better 
understanding of the fundamentals of membrane fouling in relation to both physico-
chemical characteristics in the bulk solution with the fouling constituents on the 
membrane surface is important in elucidating fouling mechanisms in an MBR. 
 
3) MBRs operated at low sub-critical flux conditions are less effective in 
producing high permeate volume than at higher flux conditions. Industry is gearing 
towards the operation of MBRs at higher fluxes with the use of anti-fouling and 
routine cleaning-in-place protocols. Basic fouling mechanism under different flux 
conditions have not been shown or even hypothesised. In understanding these 
differences, fouling control may be more accurately applied towards individual 
operational conditions. 
 
4) Microbial diversity found in the activated sludge of an MBR and in the fouling 
layer has shown to be controversial. Reports have shown that some microorganisms 
preferentially adhere to the membrane surface, while others demonstrated otherwise. A 
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clear consistent temporal characterisation of the changes within the activated sludge 
and compared to the temporal changes of microbial community in the fouling layer 
may elucidate more information on the preferential attachment of some bacteria. 
 
5) Structural characterisation of the fouling layer has been found to be useful in 
understanding its relationship between membrane filterability. Such conclusions were 
based on only a few constituents in the fouling layer. To date, only cells (DNA) and 
specific polysaccharides have been targeted and analysed for their structural properties 
in the fouling layer. Since the fouling layer is also made up of many other components 
such as polysaccharides, proteins, lipids and extracellular DNA, a more comprehensive 
study of these constituents may provide more information on the mechanics of 
membrane fouling, their individual effects on membrane permeability, and possible 
control and removal techniques. 
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MATERIALS AND METHODS 
 
3.1 Submerged Membrane Bioreactor (sMBR) Setup 
In this study, four identical bench-scale submerged membrane bioreactors (sMBRs) 
were operated simultaneously. The configuration of the MBR system used in this study 
is presented in Figure 3.1. Each MBR consisted of a 7-L biological reaction tank with 
varying hydraulic retention times (HRT), which were maintained according to the flux 
conditions imposed of each MBR. Excess biomass was wasted multiple times daily to 
maintain a pre-determined solids retention time (SRT) for each MBR. 
 
 
Figure 3.1 sMBR schematic. 
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A flat sheet microfiltration (MF) membrane module with nominal pore size of 0.45 µm 
was mounted above an air diffuser, and located between two baffle plates. Compressed 
air was supplied through the air diffuser and controlled by an air flow meter. Good 
mixing within the biological reaction tank was accomplished via the bar diffuser and 
air scouring of the membrane surface was provided by air bubbles emitted from the 
diffuser. The properties of the membrane modules and properties of the membranes 
used are summarised in Table 3.1 and Table 3.2, respectively. A picture of a typical 
membrane module is shown in Figure 3.2. A membrane suction pump was used to 
maintain a constant flux in each MBR, and an intermittent suction cycle of 8-min on 
and 2-min off was adopted. Membrane fouling would be indicated by an increase in 
the membrane suction pressure and observed using a digital switch (SMC, model: 
ZSE50F-02-22L) installed on the permeate line. Chemical cleaning of the membrane 
was carried out ex-situ by soaking the module overnight in a cleaning solution 
containing 0.5% sodium hypochlorite. 
 
Table 3.1 Membrane module properties. 
Membrane Module Properties 
Module Dimension 315 x 225 x 6 mm 
Effective Surface Area 0.11 m2 
 
Table 3.2 Membrane material properties. 
Membrane Material Properties 
Material Polyolefin (PO) Polyethersulfone (PES) 
Pore Size 0.45 µm 0.45 µm 
Contact Angle 72o ± 5o 58o ± 3o 
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Figure 3.2 Typical membrane module used in study. 
 
Before each batch of experimental run, all four MBRs were started up with identical 
seeding mixed liquor collected from the aeration basin unit of a local wastewater 
reclamation plant. Synthetic wastewater was supplied continuously to the four MBRs 
so as to maintain a consistent feed condition. The composition of the synthetic 
wastewater used is shown in Table 3.3.  
 
Table 3.3 Composition of synthetic wastewater. 
Composition Concentration (mg L-1) 
Glucose 470 
Sodium bicarbonate 180 
Ammonium chloride 96 
Potassium phosphate 28 
Ferric chloride 14 
Magnesium chloride 5 
Calcium chloride 5 
Cobalt chloride 4 
Sodium molybdate 1 
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All MBRs were operated under ambient conditions (28 ± 4oC) with the pH in the 
biological reaction tank controlled at 7.1 ± 0.2 using 0.5M sodium carbonate (Na2CO3) 
as the dosing agent. 
 
3.2 Operating Conditions 
This study was divided into three phases. Phase 1 was designed to study the effects of 
operating flux on the fouling mechanism of submerged MBR systems. Phase 2 focused 
on how the fouling mechanism of each operating flux changed under a different SRT. 
And Phase 3 investigated the effects a different membrane material contributed to the 
difference in fouling development in an MBR. The operating conditions used in this 
study are summarized in Table 3.4. 
 
In Phase 1, the four MBRs, with polyolefin (PO) as the membrane material, were 
operated in parallel at different operating flux conditions, namely no flux (MBRPO-0-
20d), sub-critical flux (MBRPO-sub-20d), critical flux (MBRPO-crit-20d), and super-critical 
flux (MBRPO-super-20d). Critical flux was found using the step-wise method (Ognier et 
al., 2002) while super-critical flux was defined as 1.5 times of the critical flux value. 
The operating fluxes of the four conditions of no flux, sub-critical flux, critical flux 
and super-critical flux were 0, 13.6, 43.6, and 65.5 L m-2 h-1, respectively. In the case 
of MBRPO-0-20d, an additional membrane module was inserted into the biological 
reaction tank so as to maintain an HRT identical to MBRPO-sub-20d. The HRTs for the 
four MBRs were 5.8, 5.8, 1.8, and 1.2 h, respectively. HRT for MBRPO-0-20d was 
achieved via a second identical membrane module inserted into the biological reaction 
tank and operated under identical conditions as MBRPO-sub-20d. The four MBRs were 
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desludged, controlled by a timer, twice daily at 12 h intervals through a peristaltic 
pump to maintain a 20 d SRT. A constant aeration rate of 2 L air min-1 was used in 
each MBR. Each set of experimental batch run was conducted in triplicate for 
statistical confidence. Before each run, the activated sludge was acclimatised at sub-
critical flux conditions for a length of three SRTs (i.e. 60 d).  
 
In Phase 2, the MBRs were emptied and reseeded with activated sludge collected from 
the same local wastewater reclamation plant using the same procedure in Phase 1. PO 
membranes were used in this phase. The overall SRT was maintained at 10 d with 
timer controlled desludging four times daily at 6-h intervals. The four MBRs were 
operated at no flux (MBRPO-0-10d), sub-critical flux (MBRPO-sub-10d), critical flux 
(MBRPO-crit-10d), and super-critical flux (MBRPO-super-10d) conditions of 0, 13.6, 32.7, 
and 49.1 L m-2 h-1, respectively, with corresponding HRTs of 5.8, 5.8, 2.4, and 1.6 h. 
Triplicates of the experiments were conducted. Again, before each experimental batch 
run, the activated sludge in the MBRs was acclimatised at sub-critical flux conditions 
for 60 d. 
 
In Phase 3, the same procedure used in Phase 1 was applied to the seeding of the 
MBRs. Membrane modules with polyethersulfone (PES) as the membrane material 
were used in this phase and compared to the results in Phase 1. The operating 
conditions of the three MBRs at sub-critical (MBRPES-sub-20d), critical (MBRPES-crit-20d), 
and super-critical (MBRPES-super-20d) fluxes were identical to those in Phase 1. A PO 
membrane module was immersed into the forth MBR (MBRPO-sub-20d) and served as a 
control in this phase.  
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In each experimental run of all phases, the MBRs were operated continuously for 70 d 
or until the transmembrane pressure (TMP) reached 30 kPa, whichever occurred first. 
Upon reaching 30 kPa, the membrane modules were taken out of the MBR and 
subjected to chemical cleaning; following which the experimental run for that MBR 
was repeated. 
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3.3 Sampling Methods 
3.3.1  Sampling Design 
For each batch experimental run, and each MBR, the sampling design was identical so 
as to maintain a level of consistency and to decrease the number of possible variables 
when comparing the analytical results. 
 
Membrane samples of 0.01 m by 0.01 m in size were sectioned at pre-determined time 
intervals from each MBR during each experimental run. Samples were taken at 1 and 6 
h, and 1, 3, 5, 7 d after the immersion of new membranes into the MBRs. Thereafter, 
samples of the membrane sections were taken weekly until 70 d of operation or until 
the TMP first exceeded 30 kPa. After the membranes were sectioned, gaps in the 
membrane sheet on the module were sealed and the module was returned to its 
respective MBR. The volume and flow rates of the MBRs were then adjusted 
according to the decrease in membrane surface area so as to maintain a constant flux 
and HRT. 
 
The sampling times were chosen so as to able to accurately determine initial fouling 
development and subsequent changes to the fouling layer on the membrane surfaces 
due to various effects caused by differences in SRT, operating flux, and membrane 
material. 
 
3.3.2 Membrane Sections 
Due to the use of a bar diffuser fixed at the bottom of the membrane module to provide 
aeration, mixing and air scouring, there might be a possible loss in scouring efficacy as 
the bubbles travel to the upper half of the membrane module, losing pressure and 
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velocity. As such, the top half of the membrane could possibly be more fouled than the 
bottom half. Air scouring along the width of the membrane module, however, was 
deemed to be uniform and equal.  
 
In order to determine if the differential in air scouring causes differences in fouling on 
the top and bottom halves, a stratified sampling design was adopted. The 0.11 m2 
membrane sheet was sectioned into two halves along the middle (length-wise) of the 
module and 0.01 m by 0.01 m samples were taken randomly from each half, and 
analysed to determine if fouling stratification occurred. 
 
3.3.3 Liquid Samples 
Samples of influent, effluent and mixed liquor were collected regularly and at the pre-
determined times during the batch experimental runs from the MBR systems for 
analyses. Influent and permeate samples were collected from the respective openings 
while mixed liquor samples were collected at the mid-height of the MBR using a 
pipette. Samplings always began from the collection of the permeate before proceeding 
to upstream processes so as to ensure minimal disturbances to downstream processes 
from any changes in the upstream conditions. Adequate time was give to flush out any 
stagnant water that was trapped in the sampling ports and the sampling bottles were 
rinsed with their respective samples prior to the collection. All analyses were 
conducted with fresh samples, unless absolutely necessary. Unused samples stored for 
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3.4 Analytical Methods 
3.4.1  Membrane Surface Contact Angle Measurements 
Contact angle measurements of the membrane surfaces were determined by the sessile 
drop method using a VCA Optima contact angle goniometer (VCA-3000S, Advanced 
Surface Technology Inc., Mass.). At least five different measurements were carried out 
for each piece of membrane and two pieces were used to obtain at least 10 contact 
angle measurements for each type of membrane. 
   
3.4.2 Mixed Liquor Suspended Solids (MLSS) and Mixed Liquor Volatile 
Suspended Solids (MLVSS) 
Mixed liquor suspended solids (MLSS) concentrations and mixed liquor volatile 
suspended solids (MLVSS) concentrations were measured in accordance to the 
Standard Methods (APHA, 2005). Glass microfiber filter (GF/F, Whatman) and 
porcelain crucibles were rinsed with distilled water and baked in a furnace 
(Thermolyne 48000, Omega Medical Scientific) at 550oC for 20 min and cooled in a 
desiccator prior to use. The sample was filtered onto the glass filter and dried in an 
oven (MEMMERT ULM 6, Schmidt Scientific) at 105oC for 1 h and then ignited in a 
furnace at 550oC for 20 min. After each heating step, the sample was cooled to room 
temperature in desiccators before being weighed. 
 
3.4.3 Molecular Weight (MW) Distribution 
Molecular weight (MW) distribution was obtained using a high performance size 
exclusion liquid chromatography (HPSEC) (Shimadzu VP series HPLC) with 
differential refractive index (Shimadzu RID 10A) as the detector. Two columns 
(Waters Ultrahydrogel 250 and 120) were connected in series in order to cover a 
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molecular weight range from 0.2 to 80 kDa. The column temperature was controlled at 
40oC. The mobile phase consisted of 0.01M sodium chloride, 0.002M potassium 
dihydrogen phosphate, and 0.002M disodium hydrogen phosphate at pH 6.8, prepared 
in accordance to O’Loughlin and Chin (2001). The flow rate was 0.06 mL min-1 and 
injection volume was 100 µL. The MWs of the samples were calculated with reference 
to a calibration curve using the manufacturer’s proprietary software. 
 
3.4.4 Sludge Relative Hydrophobicity 
Sludge relative hydrophobicity (RH) was measured in accordance to previously 
reported literature (Rosenberg et al., 1980) with some modifications. Activated sludge 
samples were collected by centrifugation, washed twice and resuspended in 1x 
phosphate buffered saline (PBS) solution to the original volume collected. An equal 
volume of hexadecane (Sigma-Aldrich, H6703) was added and the mixture vortexed 
vigorously for 2 min. Portioning of the aqueous and hydrocarbon phases took place for 
30 min. The hydrocarbon phase was removed and the dry weight of the remaining 
biomass in the aqueous phase (MLSSRH) was taken in accordance to the procedure 
described for MLSS earlier. The difference between MLSS and MLSSRH was taken to 
represent the amount of cells adhering to hexadecane. RH was computed by the 
following equation and expressed as a percentage. 




× 100% (Equation 3.1) 
 
3.4.5 Sludge Surface Zeta Potential 
Sludge surface charge was evaluated and expressed as zeta potential. 5 mL of activated 
sludge samples collected were diluted in 15 mL of MilliQ water and used for the 
measurement of electrophoretic mobilities by ZetaPALS (Brookhaven, Holtsville, 
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NY). Proprietary software provided by the manufacturer was used to convert the 
mobility values into zeta potentials using the Smoluchowski equation.  
 
3.4.6 Soluble Microbial Products (SMP) and Extracellular Polymeric 
Substances (EPS) 
3.4.6.1 Extraction 
Soluble microbial products (SMP) were extracted by first centrifuging the mixed 
liquor at 9,000 rpm for 10 min at 4oC, followed by filtering the supernatant with a 
0.45-µm pore sized membrane filter (GN-6 grid 47-mm, Gelman Science, Pall 
Corporation, Ann Arbor, Mich.). This SMP sample was also analysed for chemical 
oxygen demand (COD) of the supernatant in the mixed liquor. The remaining sludge 
pellet was resuspended in an equal volume of MilliQ water as collected in the filtrate 
by vigorous vortex of the mixture. Extracellular polymeric substances (EPS) were 
extracted using the heating method described in an earlier study (Dignac et al., 1998) 
with some modifications (Figure 3.3). The sludge suspension was placed in a 
preheated water bath of 80oC for 10 min. Thereafter, the warm suspension was 
immediately centrifuged at 9,000 rpm for 10 min at 4oC. The extracted EPS sample 
was collected by filtering the supernatant through a 0.45-µm pore sized membrane 
filter (GN-6 grid 47-mm, Gelman Science, Pall Corporation, Ann Arbor, Mich.). The 
collected samples were then tested for their protein and carbohydrate concentrations. 
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Figure 3.3 SMP and EPS extraction procedures. 
 
3.4.6.2 Carbohydrate Concentration 
Carbohydrate concentration of the samples was determined using the phenol/sulphuric 
acid assay or Dubois Method (Dubois, 1956) with glucose (Sigma-Aldrich, G8270) as 
the calibration standard. 2 mL of sample was first mixed with 1 mL of 5% phenol 
solution, and followed by 5 mL of concentrated sulphuric acid. The solutions were 
mixed immediately by vortex and allowed to stand at room temperature for 30 min in a 
dark cupboard. Absorbance measurements, in triplicates of samples, were taken at 490 
nm with a spectrophotometer (HACH, DR 4000 UV-Vis or HACH, DR 5000 UV-
Vis). 
 
3.4.6.3 Protein Concentration 
Protein concentration of the samples was determined using the modified Lowry’s 
Method (Lowry et al., 1951; Frølund et al., 1995) with bovine serum albumin (Sigma-
Aldrich, B4287) as the calibration standard. 1 mL of sample was vortex mixed with 5 
mL of freshly prepared Assay Mix. The Assay Mix was prepared with 25 mL of 
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alkaline reagent (0.1M sodium hydroxide, 2% sodium carbonate, 0.02% sodium 
potassium tartrate, and 1% sodium dodecylsulphate) and 1 mL of copper reagent (0.5% 
copper sulphate pentahydrate). The mixture was allowed to incubate for 10 min at 
room temperature. After which, 0.5 mL of diluted (1:1 v/v) Folin-Ciocalteu reagent 
(Sigma-Aldrich, F9252) was added and vortexed immediately. The final mixture was 
allowed to stand in a dark cupboard at room temperature for another 30 min. 
Absorbance measurements, in triplicates of samples, were taken at 650 nm with a 
spectrophotometer (HACH, DR 4000 UV-Vis or HACH, DR 5000 UV-Vis). 
 
3.4.7 Excitation-Emission Matrix (EEM) 
Excitation-emission matrix (EEM) fluorescence spectroscopy was conducted on the 
permeate, SMP, and EPS samples collected at the end of each experimental run. This 
rapid technique is able to distinguish the compounds in the samples since peaks in an 
EEM are associated with the compounds’ functional group (Kimura et al., 2009). 
Tryptophan-, microbial by-product-, humic- and fulvic- like compounds have been 
shown to occupy different regions in the EEM plot (Chen et al., 2003). A fluorescence 
spectrophotometer (LS 55, Perkin Elmer Co.) was used for obtaining the EEM spectra. 
Emission spectra between the wavelengths of 230 and 550 nm were collected at 0.5-
nm increments by varying the excitation wavelength from 230 to 550 nm at 5-nm 
intervals. Excitation and emission slits were set at 10 nm with a scanning speed of 





Chapter 3  Materials and Methods 
Membrane Fouling Characterisation in Aerobic Submerged Membrane Bioreactors  Page | 66 
3.4.8 Microscopic Observation of Fouling Layer 
3.4.8.1 Fixation and Embedment 
After removing the membrane section from the module, the fouling layer on the 
surface was carefully transferred into 4% paraformaldehyde. Fixation was carried out 
in accordance to Manz et al. (1992) at 4oC for 3 h. The fixative was then discarded and 
replaced with 1x PBS. To preserve the structural integrity of the fouling layer, it was 
embedded with a thin layer of polyacrylamide following the procedure described by 
Christensen et al. (1999). The membrane section was placed in a prepared mould of 
0.8 mm depth, and a mixture of 20% acrylamide monomer (37.5:1 acrylamide:bis-
acrylamide), 0.05% ammonium persulfate and 0.5% N.N.N’,N’-Tetra-
methylethylenediamine was gently pipetted to fill the mould. Upon polymerisation, the 
embedded fouling layer on the membrane section was stored in a humidified Petri dish 
sealed with parafilm at 4oC. The gel was subsequently cut into thinner layers whenever 
necessary before use in subsequent microscopic applications. 
 
3.4.8.2 Fluorescent Staining 
The fouling layer was stained for different components that were known to cause 
membrane fouling. The membrane samples containing the organic fouling layer were 
stained as described in other studies related to biofilm analysis using confocal laser 
scanning microscopy (CLSM) (Neu and Lawrence, 1999; Strathmann et al., 2002; Lee 
et al., 2007). Bacterial cells in the fouling layer were stained with Syto 9 (Molecular 
Probes, Invitrogen) specific to nucleic acid. Sypro Orange (Molecular Probes, 
Invitrogen) specific to proteins and Nile Red (Molecular Probes, Invitrogen) specific to 
lipids were used as well. Various fluorescently-labelled lectins (concanavalin A (Con 
A), Griffonia simplicifolia – IB4 (GS-IB4), Griffonia simplicifolia – II (GS-II), Helix 
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pomatia agglutinin (HPA), Phytohemagglutinin (PHA-L), Peanut agglutinin (PNA), 
Glycine max (SBA), and wheat germ agglutinin (WGA)) (Molecular Probes, 
Invitrogen) specific to polysaccharides were included to the cocktail of probes used. 
The lectins used were chosen to stain a large range of polysaccharides. The stains used 
in this study are summarised in Table 3.5. 
 
Table 3.5 Probes and stains used. 
Stain Conjugate Ex. (nm) Em. (nm) Specificity 
Syto 9 – 498 522 Bacteria 
Sypro Orange – 300/470 570 Proteins 
Nile Red – 522 636 Lipids 
Lectins* ALEXA647 650 668 Polysaccharides 
*Lectins used include ConA, GS-IB4, GS-II, HPA, PHA-L, PNA, SBA, and WGA 
 
 
The gel block containing the fouling layer was placed in a prepared well just prior to 
the staining process. The four bio-organic foulants of bacteria, protein, lipid and 
polysaccharides were stained consecutively, with a washing step carried out after each 
staining solution. 50 µL of each staining solution, with working concentrations of 10 
µM, 1x, 20 µM, and 100 µg mL-1 for Syto 9, Sypro Orange, Nile Red and lectins, 
respectively, was added to the gel block containing the fouling layer. Each stain was 
left to incubate in a humidified Petri dish in the dark for 40 min. The staining solutions 
were then discarded, and the gel block was rinsed by pipetting up and down 1 mL of 
1x PBS buffer. Four extra rinses were carried out at the end of the staining process 
before microscopic examination. 
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3.4.8.3 Confocal Laser Scanning Microscopy (CLSM) and Image Analysis 
Microscopic images of the stained samples were acquired using CLSM (LSM 5 Pascal, 
Carl Zeiss, Germany) under a 100x/1.3-numerical-apperature Plan-Neofluar oil 
immersion DIC lens. Fluorescence conferred by Styo 9 and Sypro Orange were 
acquired using an argon laser at an excitation wavelength of 488 nm and emission 
filters of 505 – 530 nm and 560 nm, respectively. Signal from Nile Red was acquired 
with a Helium Neon (HeNe) laser at an excitation wavelength of 543 nm, with a long 
pass emission filter of 650 nm, while signal from ALEXA647 was acquired with a 
HeNe laser at an excitation wavelength of 633 nm and an emission filter of 650 mm. 
Fifteen (15) microscopic fields were taken from each membrane sample with imaging 
positions fixed for all samples. The location of each microscopic field is shown in 
Figure 3.4. The purpose of fixing imaging locations for all samples was to prevent 
operator’s bias when observing the fouling layer on membrane surfaces. As such a 
more representative description of the structural characteristics of the fouling layer 
could be obtained. While 15 microscopic fields were taken from each membrane 
sample, 2 membrane sections were taken from each MBR at each sample time; this 
resulted in thirty (30) individual imaging locations for each sampling interval. This 
was done to ensure that the results obtained could be statistically relevant and valid. 
Microscopic imaging of all membrane sections was completed within 24 h from the 
time of sampling to prevent excessive degradation of the organic foulants.  
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Figure 3.4 Imaging locations of membrane samples. 
 
Based on the CLSM stack, ISA-2 (Beyenal et al., 2004b) computed various structural 
parameters of the fouling layer in both two- and three- dimensions. Comparisons of the 
structural parameters using t-test, paired t-test, and analysis of variance (ANOVA) 
were performed using MINITABTM statistical software, release 14. P-values less than 
0.05 were considered statistically significant. 
 
3.4.8.4 Scanning Electron Microscopy (SEM) 
The fouling layer on membrane surfaces were also observed under scanning electron 
microscope (SEM). The membrane sections were fixed in 4% paraformaldehyde in the 
method described earlier. After rinsing the fixative from the membrane sections, step-
wise dehydration with a graded ethanol series (25, 50, 75, 90, and 100% for 15 min 
each) was carried out. Each sample was then coated with gold by a sputter before 
observation under the SEM (Philips XL30 FEG). 
 
3.4.9 Macroscopic Observation of Fouling Layer 
Macroscopic images of the fouling layer were obtained at the pre-determined sampling 
times. The scanning procedure was based on Milferstedt et al. (2006) with some 
modifications. The entire membrane sheet was imaged with the use of a desktop 
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scanner (CanoScan 4400F, Canon) with a maximum optical resolution of 19,200 dots 
per inch (dpi). Image resolutions of 4,800 and 19,200 dpi were taken of every sample. 
Before scanning, the glass plate of the scanner and the bottom of the glass tank to 
contain the membrane module were wiped clean with a cleaning wipes for delicate 
tasks (Kimwipes EX-L, Kimberly-Clark, Neenah, WI). The membrane modules were 
placed in the glass tank containing MBR permeate for analysis. All scanner settings 
were kept unchanged during the entire study for all phases to allow reproducible 
scanning conditions. The entire scanning procedure took less than 10 min from 
removal of the membrane module from the MBR to reinserting it back into the 
biological reaction tank. 
 
3.4.10 Molecular Biological Based Techniques for the Fingerprinting of 
the Microbial Community 
3.4.10.1 Sample Collection 
Activated sludge samples were collected from the middle height of the MBRs with a 
pipette and aliquot into microcentrifuge tubes for further processing. Biofilm samples 
were collected in the manner described by Park and Lee (2005) with some 
modifications. A piece of membrane section was vortexed vigorously for 10 min in a 
centrifuge tube with 10 mL of MilliQ Water to detach the biofilm fouling layer from 
the membrane. The same piece of membrane was then carefully transferred to another 
centrifuge tube and the process was repeated for twice more. The suspensions in all 
three centrifuge tubes were added together and used for DNA extraction (Figure 3.5). 
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Figure 3.5 Biofilm detachment from membrane sections. 
 
3.4.10.2 Total Community Deoxyribonucleic Acid (DNA) Extraction 
Total community DNA was extracted from the mixed liquor samples as well as biofilm 
samples in the same procedure (Liu et al., 1997). Cell pellets were resuspended in lysis 
buffer containing 100mM Tris-HCl, 100mM ethylenediaminetetraacetic acid, and 
0.75M sucrose. Lysozyme and achromopeptidase with final concentrations of 1 mg L-1 
and 100 µg L-1, respectively were added to the suspensions and incubated at 37oC for 
30 min in a water bath. Proteinase K (200 µg L-1) and sodium dodecyl sulphate (1% wt 
vol-1) were then added, and the mixture was further incubated at 37oC for 2 h. During 
these periods of incubation, the tubes were gently inverted several times every 15 min. 
The samples were then frozen at -80oC for 10 min, and thawed at 65oC for 5 min, 
thrice. After which, hexadecyltrimethyl ammonium bromide (1% wt vol-1) and sodium 
chloride (0.7M) were added and incubated for 20 min. The mixture was then extracted 
thrice by equal volumes of phenol-chloroform-isoamyl alcohol (25:24:1), and 
subsequently once by an equal volume of cholorform-isoamyl alcohol (24:1). DNA 
was precipitated overnight at -20oC using an equal volume of isopropanol, and 
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recovered by centrifugation at 13,000 rpm for 10 min. The DNA pellet was washed 
with 70% ethanol and dissolved in sterilised MilliQ Water. 
 
3.4.10.3 Polymerase Chain Reaction (PCR) 
Polymerase chain reaction (PCR) using primers to amplify 16S rRNA gene (Table 3.6) 
was performed in 50-µL reaction mixtures containing 1x PCR buffer, 200µM of each 
deoxynucleoside triphosphate, 2.5mM magnesium chloride, 0.2µM of each primer 
(27F and 1512R), and 1 U of Taq DNA polymerase (Promega, Madison, Wisc.). DNA 
amplification was carried out in a thermal cycler (iCycler, Bio-Rad, Hercules, Calif.). 
PCR cycling conditions consisted of an initial denaturation step of 95oC for 1 min, 
followed by 30 cycles of denaturation (95oC for 30 s), annealing (55oC for 45 s), and 
extension (72oC for 1 min), and a final extension at 72oC for 5 min. PCR products 
were verified by a 1% agarose capillary electrophoresis in 1x TAE buffer and purified 
using Axygen PCR cleanup kit (Axygen, Union City, Calif.), according to the 
manufacturer’s instructions. 
 
Table 3.6 PCR primers used. 
 
 
3.4.10.4 Terminal Restriction Fragment Length Polymorphism (t-RFLP) 
Terminal restriction fragment length polymorphism (t-RFLP) was performed 
according to a previously described protocol (Liu et al., 1997). Total community DNA 
was extracted from activated sludge and biofilm samples, and amplified by PCR using 
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a primer set of 27F – 1512R (Table 3.6). Purified fluorescently labelled PCR 
amplicons were analysed by three separate digestions using MspI, RsaI, and HaeIII 
(New England Biolabs). The tetrametric restriction enzymes were supplied at a final 
concentration of 2.0 U µL-1 and digestion was performed at 37oC for 3 h. Following 
which, the digested products were incubated at 65oC for 20 min to inactivate the 
restriction enzymes.  
 
Digested PCR products were loaded into a model CEQTM 8000 Genetic Analysis 
Sequencer (Beckman Coulter, Fullerton, Calif.) and separated at 55oC and 4.8 kV for 
60 min. The T-RF lengths were determined by comparison with internal DNA 
standards (60 to 640 bp) using the CEQTM 8000 Genetic Analysis System software. 
 
Cluster analysis of the different t-RFLP fingerprints and other statistical analyses were 
performed with MINITABTM Statistical Software, Release 14. Hellinger distance 
(equal to the Euclidean distance after taking square root of the relative peak height) 
was computed and joined by Ward hierarchical clustering method. Relative height was 
computed after rejection of peaks that contributed to less than 2% of the total 
abundance in terms of peak area. Shannon-Weaver diversity index (H) was used to 
evaluate structural diversity of microbial communities of the different samples. 
(Shannon and Weaver, 1963), and was calculated as: 
 = − ∑log  (Equation 3.2) 
where pi is the relative peak height abundance of T-RFi. The total number of T-RFs 




 (Equation 3.3) 
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ANALYSIS OF FOULING LAYER IN MBRs UNDER 
DIFFERENT OPERATING FLUX CONDITIONS 
 
4.1 Introduction 
Various factors have been shown to affect the rate and propensity of membrane 
fouling, and these can be grouped into three main categories, namely membrane, 
operational and biomass characteristics. However, due to improved understanding of 
the effects, new operating conditions have led to a decrease in the overall fouling 
propensity in MBRs. Moreover, maintenance and cleaning of membrane modules have 
been simplified and less frequently conducted (Le-Clech et al., 2006). Therefore, 
controlled by what is deemed to be effective fouling control, the economic viability of 
MBRs now depends on the achievable permeate flux, with modest energy input. 
Greater permeate volumes can be achieved by either increasing the surface area of the 
membrane by utilising more membrane modules, or by increasing the operating flux 
on existing setups, in which the hydraulic retention time (HRT) is affected. The latter 
method requires a much lower energy increment. Yet, it has generally been 
acknowledged that fouling mechanisms under different flux conditions are vastly 
different (Choi et al., 2005). Operations under higher fluxes would require different 
control methods. Since our understanding of membrane fouling has been limited to 
low or sub-critical flux conditions, and also to educated guesses based on biomass 
characteristics, the phenomenon of membrane fouling under any flux condition has not 
been fully comprehended. As such, more efficient fouling mitigation methods can only 
be implemented when the mechanism and phenomena occurring on the membrane 
surface are understood.  
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 Therefore, a study on the effect of mixed liquor suspended solids (MLSS), soluble 
microbial products (SMP), and extracellular polymeric substances (EPS) 
concentrations, and other biomass characteristics on membrane fouling in tandem to 
the foulants found on the membrane surface under different flux conditions is highly 
desirable for the application of MBR to wastewater treatment at higher flux operations 
than currently possible. Membrane fouling mechanism may be better studied in terms 
of the microstructural characteristics of the fouling layer. It is widely known that the 
formation of an organic layer during initial stages of membrane filtration leads to 
subsequent fouling layer development on the membrane surface (Zhang et al., 2006a). 
And the presence of these layers on the membrane surfaces is a major factor causing 
increase in the transmembrane pressure (TMP). For biofouling, structures of biofilm 
are highly variable, ranging from discontinuous colonies to thick continuous biofilms 
(Lewandowski, 2004). A better understanding of the different nature of the structure of 
the fouling layer in relation to the operating flux may explain the effects other 
parameters have on membrane fouling. A comparison of the microstructural 
characteristics with TMP may help expound the effects individual constituents have on 
membrane fouling. 
 
The aim of this study was to understand the effects of different constituents in the 
fouling layer have on TMP and to determine which parameter is important in the initial 
fouling of the membrane surface, and the subsequent fouling development on an MBR. 
For these objectives, the organic fouling layer on the membrane surface at prescribed 
times of operation were sectioned and stained with different stains and confocal laser 
scanning microscopy (CLSM) images were obtained. The parameters describing 
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structural characteristics of the fouling layer were then calculated from the CLSM 
images obtained using the Image Structural Analysis (ISA-2) software (Beyenal et al., 
2004b) and compared to one another to describe the fouling layer under different flux 
conditions. 
 
4.2 Results and Discussions 
4.2.1 Physico-Chemical Characterisation 
4.2.1.1 Membrane Fouling Performance 
In this study, the four MBRs were operated at different but constant flux conditions, so 
as to maintain a constant HRT in each MBR.  As such, differences in membrane 
fouling would be indicated by the relative increase in TMP. The TMP profiles of the 
MBRs are presented in Figure 4.1. As expected, MBRs operated at higher flux 
conditions showed higher TMP values and membrane fouling increased more rapidly 
than MBRs operated at lower fluxes. The TMP value of MBRPO-super-20d exceeded 30 
kPa after 1.5 d of operation, and MBRPO-crit-20d only exceeded this value on the third 
day of operation, while the TMP of MBRPO-sub-20d was relatively constant and showed 
only a slight increase throughout the 70 d observation period. Therefore, membrane 
fouling was found to be most rapid in the MBR operated at super-critical flux, 
followed by critical and sub-critical fluxes sequentially. This was in good agreement to 
established studies by many other researchers (Field et al., 1995; Chang et al., 2002). 
At high convection rates towards the membrane, colloidal aggregation and 
heterogeneous deposits were assumed to take place. Rapid fouling occurred 
predominantly through the formation and compaction of cake layer from foulants. 
While the general trend of more rapid fouling with increased fluxes has been proven, 
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the mechanism by which membrane fouling takes place and the materials that 
predominantly cause fouling have only been hypothesised (Zhang et al, 2006a). 
 
The theoretical three-stage fouling mechanism proposed by Zhang et al. (2006a) was 
not evident in all MBRs as seen in Figure 4.1a. Rapid fouling was observed in both 
MBRPO-crit-20d and MBRPO-super-20d, with steep inclines in two lines. With a steeper 
gradient, the fouling rate of MBRPO-super-20d was more rapid. MBRPO-sub-20d on the other 
hand, showed almost no increase in TMP. A closer look at the fouling profiles of the 
three MBRs revealed that the distinct three stage process was indeed exhibited in 
MBRPO-crit-20d and MBRPO-super-20d (Figure 4.1b). In the proposed map, Stage 1 
consisted of a short initial rise in TMP due to conditioning fouling of the membrane; 
Stage 2 reflected a long term rise in TMP either linearly or exponentially Stage 3 
occurred with a sudden rise in TMP, which is commonly referred to as the TMP jump. 
However, this stage-wise fouling mechanism was not observed for MBRPO-sub-20d. 
From the fouling profile, it exhibited only Stage 2 of the fouling mechanism, with little 
increase in TMP and suggested marginal membrane fouling. If given sufficient time, 
and as membrane fouling progressed, MBRPO-sub-20d would also exhibit Stage 3 of the 
fouling mechanism. Stage 2 was also seen to be shorter in MBRPO-super-20d than in 
MRBPO-crit-20d. This suggested that at increasing higher flux conditions, Stage 2 became 
increasingly short due to rapid membrane fouling, and would eventually not be 
observed if the operating flux was high enough. Yet, even with the theoretical fouling 
map, it was not possible to sufficiently conclude that the actual fouling mechanism 
experienced in MBRs, regardless of flux conditions, was similar. 
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Figure 4.1 TMP profiles of the 3 MBRs. (a) temporal TMP variation of entire study; (b) average TMP 
variation of the first 7 d of all runs. 
 
Upon reaching a TMP of at least 30 kPa, and at the end of the experimental runs, the 
membrane modules were removed and subjected to chemical cleaning with sodium 
hypochlorite. It was found to be effective in recovering the permeability of the fouled 
membranes. Up to 95% recovery was observed in MBRPO-sub-20d, while permeability 
was recovered to 97% and 98% for MBRPO-crit-20d and MBRPO-super-20d, respectively. 
This suggested that chemical cleaning to remove irreversible organic membrane 
(a) 
(b) 
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foulants from the surface was more effective in MBRPO-crit-20d and MBRPO-super-20d, then 
in MBRPO-sub-20d, and suggested that inorganic pore blocking was more severe in the 
MBR operated at sub-critical flux conditions. This showed that while the rate of 
membrane fouling was more rapid at higher fluxes, the foulants were more effectively 
removed than from membranes subjected to lower flux conditions. Therefore, the 
trade-off in operating at sub-critical flux conditions for long term stable operation was 
that the membranes were less effectively cleaned.  
 
4.2.1.2 Effect of Biomass Characteristics on Membrane Fouling: Mixed Liquor 
Suspended Solids (MLSS) Concentration, Sludge Relative Hydrophobicity 
(RH), and Sludge Zeta Potential 
Several researchers (Yamamoto et al., 1989; Shimizu et al., 1996, Hwang et al., 2003) 
have shown that a high MLSS concentration will increase membrane filtration 
resistance. This study demonstrated similar results. MBRPO-sub-20d, with a much lower 
MLSS concentration (Figure 4.2), was operated for 70 d continuously without 
chemical or additional physical cleaning. Both MBRPO-crit-20d and MBRPO-super-20d 
exhibited increasing MLSS concentrations over time due to the changes in operating 
flux conditions. Mixed liquor volatile suspended solids (MLVSS) fluctuations were 
found to be related to the organic loading rate (OLR) of the MBRs. Correspondingly, 
MLSS increased due to the OLR as well. The MLSS concentration of MBRPO-sub-20d 
remained relatively constant throughout the entire study while the MLSS 
concentrations of MBRPO-crit-20d and MBRPO-super-20d showed increasing trends with time 
due to changes in the loading rates. However, the MLSS concentration of MBRPO-crit-
20d remained relatively constant between the 36th and 72nd h, indicating that it could 
have reached the limit for further growth. Coincidently, upon reaching the cut-off TMP 
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value, the average maximum MLSS concentrations for both MBRPO-crit-20d and MBRPO-
super-20d were approximately 14.5 g L-1 (Figure 4.2b). As reported in literature, the 
increase in MLSS concentration resulted in an increase in membrane fouling (Chang 
and Kim, 2005). This corresponded to the results obtained in which the fouling rate of 
MBRPO-super-20d was the fastest. However, these results did not correspond to those 
found by Rosenberger et al., 2005, in which membrane permeability was reported to 
be adversely affected when MLSS concentrations were above 15 g L-1. The average 
MLSS concentrations of all the MBRs over the duration of the study were between 8 
and 12 g L-1, in which the MLSS concentration should have little impact on membrane 
permeability.  
 
Thus, from the conflicting results obtained in relation to previously reported studies, 
using MLSS concentrations as a gauge of fouling propensity is insufficient. Various 
activated sludge models used in the design of conventional activated sludge systems 
are deficient for MBRs as they do not account for other biomass characteristics such as 
the sludge relative hydrophobicity and zeta potential. Other parameters such as the 
SMP and EPS concentrations have also been reported to affect membrane fouling, and 
have not yet been considered. In considering only the effect of MLSS concentrations, 
without isolating other factors, to describe membrane fouling is, therefore, insufficient. 
Due to the complex nature of the fouling mechanism, the various inter-related 
parameters must be considered together so as to obtain a more accurate picture of 
membrane fouling, and to properly describe the fouling mechanism. 
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Figure 4.2 Temporal variation of MLSS concentration. (a) MLSS concentration of four MBRs for the 
entire study; (b) average MLSS concentration of four MBRs for first 7 d of all runs. 
 
Figure 4.3 shows the temporal variation in sludge relative hydrophobicity (RH) in the 
four MBRs. RH values in MBRPO-0-20d and MBRPO-sub-20d were expected to be 
relatively constant due to the lack of changes in operating and feed conditions, and 
MLSS variations. Yet, it was found that the RH values of the two MBRs fluctuated 
between 88 and 95% (Figure 4.3a). Temporal variation of the RH values in MBRPO-crit-
20d and MBRPO-super-20d showed a sudden and immediate increase after the change in 
flux, but the values decreased with time thereafter (Figure 4.3b). Therefore, in spite of 
(a) 
(b) 
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maintaining consistent feed conditions, temporal variations in RH values were unable 
to explain the fouling propensity of an activated sludge sample due to the natural 
fluctuations experienced in each reactor.  
 
 
Figure 4.3 Temporal variation of average sludge RH. (a) entire study; (b) first 7 d. 
 
Table 4.1 shows the average RH values of the four MBRs obtained for the entire study, 
and the averages were found to correlate to the rise in TMP, although not linearly. 
Generally, an increase with RH led to an increase in fouling propensity. It was 
(a) 
(b) 
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observed that the initial changes in RH were more critical to membrane fouling than 
subsequent changes (Figure 4.3b). The increase in RH after the 1st h of operation in 
MBRPO-crit-20d and MBRPO-super-20d caused membrane fouling to progress more rapidly 
even though the RH values decreased thereafter. It is possible that the initial 
conditioning and fouling of the membrane surface enhanced later fouling processes, as 
also reported in a previous study (Choi and Ng, 2007). Therefore, a high RH value 
during the start of MBR operations would cause rapid membrane fouling due to 
appropriate conditioning of the membrane surface. 
 
Table 4.1 Average RH and zeta potential values of the MBRs. 
MBR Average Relative Hydrophobicity (%) Average Zeta Potential (mV) 
MBRPO-0-20d 91.01 ± 3.87 -171.67 ± 0.99 
MBRPO-sub-20d 91.24 ± 3.76 -20.78 ± 1.03 
MBRPO-crit-20d 93.57 ± 4.23 -22.87 ± 1.28 
MBRPO-super-20d 94.96 ± 3.49 -17.59 ± 0.97 
 
The average zeta potential values of the activated sludges in the four MBRs are 
presented in Table 4.1. Zeta potential is a measurement of the surface charge of the 
microbial floc, and most particles, including microbial flocs, are negatively charged 
under normal environmental conditions (Lee et al., 2001). As expected, the biomass 
zeta potentials in this study also exhibited negatively charged surfaces. Using MBRPO-
0-20d as a control, and the Student's t-test for statistical analyses, it was found that the 
zeta potentials of MBRPO-sub-20d and MBRPO-crit-20d were significantly different from the 
control at 95% confidence interval, while the null hypothesis could not be rejected for 
that of MBRPO-super-20d. This was surprising as MBRPO-0-20d and MBRPO-sub-20d were 
operated at identical conditions, while the operating conditions of MBRPO-super-20d were 
vastly different from the former.  The zeta potential of the polyolefin membrane used 
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in this study at the operating pH of 7.1 was about -21 mV. This value suggested that 
repulsive electrostatic double layer interactions would develop between the negatively 
charged microbial flocs and membrane surfaces. Thus biomass with a more negative 
zeta potential would repel more strongly with the membrane surface, resulting in less 
membrane fouling. However, MBRPO-crit-20d with the most negative biomass zeta 
potential did not exhibit a fastest increase in TMP. While it was observed that MBRPO-
super-20d fouled most rapidly, its biomass zeta potential was the least negatively charged 
of the MBRs operated. These observations suggested that other factors played a more 
important role on the rate and mechanism of membrane fouling. 
 
4.2.1.3 Effect of Soluble Microbial Products (SMP) and Extracellular Polymeric 
Substances (EPS) Concentrations on Membrane Fouling 
Figure 4.4 shows the protein concentrations of the four MBRs over time. The protein 
concentrations were quantified from the permeate (PMTP), SMP (SMPP) and EPS 
(EPSP). Due to the characteristics of the synthetic wastewater used, in which protein 
was not present, the presence and detection of protein in the mixed liquor (SMPP) 
could be attributed solely to microbial processes within the MBRs. Long term 
monitoring of MBRPO-0-20d and MBRPO-sub-20d showed that the protein concentrations 
were relatively constant with little fluctuations (Figures 4.4 a-c). This reflected the 
steady state of the MBRs and the consistent feed and operating conditions. Figures 4.4 
d-f show the variations of the protein concentrations under a narrower time range. At 
the 1st h of operation, the PMTP, SMPP and EPSP concentrations were consistently 
lower in MBRPO-0-20d and MBRPO-sub-20d than those in MBRPO-crit-20d and MBRPO-super-
20d. This relationship changed after the 6th h of operation for PMTP and SMPP fractions 
and continued thereafter. Due to the increase on OLR, microorganisms in MBRPO-crit-
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20d and MBRPO-super-20d produced more EPSP. Yet PMTP and SMPP concentrations in 
those two MBRs were lower than those detected in MBRPO-0-20d and MBRPO-sub-20d. 
This was highly surprising since the MLVSS concentrations in MBRPO-crit-20d and 
MBRPO-super-20d were significantly higher than those in the other two MBRs. Since 
SMPP could be attributed only to microbial processes, an increase in the absolute EPSP 
concentrations should generally lead to a corresponding increase in the absolute SMPP 
concentrations, assuming a consistent rate of release of EPS into the bulk solution by 
the biomass. Thus based on the lower PMTP and SMPP concentrations in MBRPO-crit-20d 
and MBRPO-super-20d, it was suspected that the excess protein produced might be found 
adhered onto the membrane surface. But this is hypothetical and must be substantiated 
by the actual foulants found on the membrane surface. 
 
A similar observation was made with carbohydrate concentrations in the MBRs 
(Figure 4.5). The absolute PMTC concentrations in MBRPO-crit-20d and MBRPO-super-20d 
were consistently lower that those found in MBRPO-0-20d and MBRPO-sub-20d, with a 
considerable decrease between the 1st and 6th h of all experimental runs. The absolute 
SMPC concentrations of the former fluctuated around those of the latter, which 
remained relatively constant (Figure 4.5e). Overall, MBRPO-crit-20d averaged a higher 
SMPC concentration than MBRPO-0-20d and MBRPO-sub-20d, while MBRPO-super-20d 
averaged a lower SMPC concentration. Conversely, the EPSC concentrations of the two 
MBRs operated above sub-critical conditions were always higher than the other two 
MRS at all times. With the use of an easily and rapidly biodegradable substrate 
(glucose), it was believed that the carbohydrate concentrations detected in the bulk 
solutions were from microbial processes. Therefore, as with the protein results, it was 
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suspected that the excess carbohydrate observed in the EPS of MBRPO-crit-20d and 






Figure 4.4 Average protein concentrations in liquid samples. (a - c) Entire study; (d – f) Initial 7 d; (a, d) 
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Figure 4.5 Average carbohydrate concentrations in liquid samples. (a - c) Entire study; (d – f) 
Initial 7 d; (a, d) PMTC; (b, e) SMPC (c, f) EPSC. 
 
With fluctuations in the SMPP and SMPC concentrations, only EPS concentrations 
could more accurately serve as a gauge of membrane fouling propensity. Yet, the 
protein and carbohydrate concentrations observed were unable to indicate which of the 
two compounds had a greater impact on membrane fouling. Another indicator of 
membrane fouling is the protein-to-carbohydrate (P/C) ratio. Due to the lack of 
changes in operating conditions, the EPS-P/C ratio of MBRPO-0-20d and MBRPO-sub-20d 
remained relatively constant at about 1.87. This contrasted with the P/C ratios of 
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respectively, after 24 h of operation. Therefore, membrane fouling propensity 
increased as the EPSC concentrations increased. Based on the P/C ratios obtained in 
this study, it was found that the carbohydrate fraction could have a greater impact on 
membrane fouling than the protein fraction. This result corresponded well with 
previously published studies by Ng et al. (2006). Nonetheless, as mentioned earlier, 
such results must be substantiated by the actual foulants found on the membrane 
surface as the carbohydrate fraction could be assimilated by the bacterial cells rather 
than to be found adsorbed on the membrane surface. 
 
4.2.1.4 Molecular Weight (MW) Distribution Profiles 
The molecular weight (MW) profiles of the mixed liquor of the MBRs, with the 
exception of MBRPO-0-20d are presented in Figure 4.6. The MW profile of MBRPO-0-20d 
is not shown as it was almost identical to that of MBRPO-sub-20d. The apparent MW of 
the samples fell between 500 and 2500 Da, with a majority found to be in the smaller 
MW range.  Thus, large MW compounds were either present in small quantity that 
could not be detected or that they were biodegraded in the MBRs. Results from other 
researchers also showed that biologically treated sewage effluent consisted mainly of 
small MW organic compounds (Imai et al., 2002; Shon et al., 2004). 
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Figure 4.6 Molecular weight profiles of supernatants. 
 
The MW distributions of the permeates were also found to be rather similar to their 
respective mixed liquor supernatants for the various samples (Figure 4.7). The little 
differences indicated that the organic rejection by the membrane was not due to size 
exclusion, but attributable to the fouling layer developed on the membrane surface 
which limited the diffusion of organic compounds across the membrane. This 
phenomenon would result in a lower concentration of organics in the membrane 
permeate, therefore a lower TOC concentration. This hypothesis is supported by all 
data obtained from MBRPO-sub-20d (Figure 4.7a), MBRPO-crit-20d (Figure 4.7b), and 
MBRPO-super-20d (Figure 4.7c). 
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Figure 4.7 Molecular weight profiles of supernatant and permeate: (a) MBRPO-sub-20d; (b) MBRPO-crit-20d; 
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4.2.1.5 Excitation-and-Emission Matrices (EEM) 
While the use of physico-chemical characterisation to determine possible membrane 
fouling propensity and mechanism has generally been accepted due to the relative ease 
and speed of the analyses, it has also been reported that these methods, especially the  
colorimetric methods for protein and carbohydrate quantification, are insufficient to 
elucidate membrane fouling in MBRs accurately, and that the characteristics of the 
organic and microbial by-products (SMP) in the system must be considered (Kimura et 
al., 2009). The use of excitation-and-emission matrices (EEM) analyses could aid in 
understanding the characteristics of the foulants in the different samples. 
 
EEM spectra were conducted in triplicate for each run and the results were similar in 
all measurements. Figure 4.8 shows the EEM fluorescence spectra obtained from the 
permeate, mixed liquor supernatant (SMP), and EPS samples from MBRPO-sub-20d, 
MBRPO-crit-20d, and MBRPO-super-20d. MBRPO-0-20d was not shown as the spectra showed 
similar peaks to those from MBRPO-sub-20d. Shapes of the spectra obtained were 
significantly different across the MBRs indicating that the characteristics of the 
samples were altered by HRT. However, it was not possible to determine whether a 
certain shape or spread of the contour plot would affect membrane fouling more 
adversely or otherwise. Moreover, being a relatively new analytical test for MBRs, 
there has been insufficient evidence or research findings to reach any such 
conclusions. 
 
Differences in the compounds detected in the permeate, SMP and EPS samples from 
each MBR showed that the membrane served as a barrier for some of the compounds 
present in the mixed liquor. The main peaks found in the permeate samples were 
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attributed to fulvic- and humic-like substances, as indicated by the peaks at Ex/Em = 
250 nm/390 nm, 250 nm/425 nm, and 270 nm/390 nm.  Such peaks were also found in 
the SMP and EPS samples obtained. However, an additional protein-like substance, 
likely to be a microbial by-product was found in SMP and EPS samples, as indicated 
by the peaks at Ex/Em = 270 nm/370–375 nm (Chen et al., 2003). Such protein-like 
substances, present in the SMP and EPS samples, were also detected by previously 
published studies (Kimura et al., 2009; Wang et al., 2009). The lack of a protein-like 
peak in the permeate samples could indicated that such substances could be removed 
by the filtration process, and may be found adhered to the membrane surface. Since 
protein was detected in low concentrations in the permeate samples by the colorimetric 
method, it was also probable that such protein-like peaks in the EEM were over-
dominated by the other peaks present in the samples, thereby demonstrating a shift in 
the characteristics of the dominant substances between the SMP and permeate samples. 
Analysis of the foulants on the membrane surface in another study also showed similar 
protein-like peaks (Kimura et al., 2009), indicating that protein microbial by-products 
contributed to membrane fouling, as shown in this study. 
 
While the EEM plots highlighted the distinct shift in the characteristics between the 
bulk solution (indicated by SMP) and the permeate, showing that protein-like 
microbial by-products were adhered to the membrane surface, they were incapable of 
indicating which substance (protein or carbohydrate) caused membrane fouling to a 
greater extent, or had a greater membrane fouling propensity. CLSM imaging 
techniques coupled with image analyses could elucidate the relationship between 
foulants and membrane fouling further. 
 
Chapter 4  Operating Fluxes and Hydraulic Retention Times 
Membrane Fouling Characterisation in Aerobic Submerged Membrane Bioreactors  Page | 93 
 
Figure 4.8 EEM profiles of permeate, SMP and EPS for the three different MBRs. 
 
4.2.2 Micro-Structural Characterisation of Fouling Layer 
Physico-chemical analyses of various parameters in the mixed liquor and biomass have 
shown that certain factors such as EPS concentrations have more impact on membrane 
fouling than others. However, the membrane fouling mechanism under different flux 
conditions could only be hypothesised, not ascertained. It was believed that detecting 
and quantifying the foulants on membrane surfaces may aid in understanding temporal 
changes while the MBRs were in operation. Foulants on the membrane surfaces were 
first stained with appropriate probes for cells, proteins, polysaccharides and lipids. The 
stained samples were then viewed under confocal laser scanning microscopy (CLSM) 
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and the three-dimensional images were quantified using ISA-2 (Yang et al., 2000). 
While many volumetric and textural parameters were obtained, many were of little use 
to describe the structure of the fouling layer in relation to membrane fouling. Two 
important volumetric parameters namely, bio-volume (BV), and porosity (P) were 
chosen for in-depth analyses. The focus of subsequent sections will be on MBRPO-sub-
20d, MBRPO-crit-20d, and MBRPO-super-20d as little significant data was obtained from 
MBRPO-0-20d. However, comparisons with MBRPO-0-20d will be made where appropriate.  
 
4.2.2.1 Bio-Volume (BV) of Foulants 
The BVs of foulants were calculated from a stack of two-dimensional images to form a 
coherent three-dimensional structure. Figures 4.9 – 4.12 show the temporal variations 
in the BV of cells, lipids, proteins, and polysaccharides, respectively. Generally, there 
was an increase in all the various constituents with time, throughout all the MBRs. 
There was an increase in the BV of cells with an increase in TMP. At any given time 
interval, the MBR that registered the highest TMP value, also showed the greatest BV-
cell. This indicated that the presence of cells on the membrane surface had an impact 
on the rise in TMP. However, the rise in TMP was not proportional to the increase in 
BV. Similar conclusions could be reached for the other three fouling constituents. The 
only exception to this was for MBRPO-crit-20d. For all the fouling constituents targeted, it 
was found that the BV correlated strongly to TMP.  
 
One important finding was observed in the BVs of protein in relation to the other 
constituents. Considering only MBRPO-sub-20d, it was found that the most dominant 
fouling fraction on the membrane surface was protein. In spite of the hydrophilicity of 
the clean membrane surface (contact angle = 72o), the protein fraction in the mixed 
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liquor was the conditioning material, as evident from the 1st h results of MBRPO-sub-20d, 
in which no other fouling fraction was present or in as dominant an amount as protein. 
It was likely that hydrophobic-hydrophobic or steric interactions between the protein 
molecules and the polymeric membrane material lead to the initial adherence 
(Huisman et al., 2000). The adherence of other constituents was promoted by this 
protein conditioning layer. Subsequently other fouling fractions began to rapidly build 
up. At the end of 72 h, there were little BV differences in the protein and 
polysaccharide fractions on the membrane surface.  With respect to MBRPO-sub-20d, it 
could be concluded that the fouling was at Stage 2 of the mechanism map described 
previously. Therefore, fouling in sub-critical flux conditions appeared to go through a 
mostly biofilm mediated mechanism. After the initial conditioning of the surface, 
bacterial cells slowly colonised the membrane surface, albeit sparsely. Further 
membrane fouling occurred through the subsequent development of a biocake on the 
surface, in which other bacteria were attracted and adhered to by the EPS produced 
from the existing bacteria on the membrane surface. In contrast, to the BV results 
obtained from MBRPO-sub-20d, only the protein fraction was detected in MBRPO-0-20d 
until after 36 h of operation. Thus, some of the fouling constituents were also 
suspected to be introduced onto the membrane surface via the suction pressure, in 
which those compounds were forced into close contact with the membrane surface and 
thereby enhancing the chances of attachment onto the membrane surface. 
 
This type of non-biofilm bio-organic fouling mechanism via the suction pressure 
became increasingly apparent as the flux increased and was observed in MBRPO-crit-20d 
and MBRPO-super-20d. At each time interval, there were little significant differences in 
the BVs of cells, proteins, and polysaccharide for MBRPO-crit-20d. It is believed that 
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through increasing the flux in an MBR, membrane fouling compounds were brought to 
the surface faster and more forcefully. This increased attachment of the foulants 
regardless of the surface conditions of the membrane. Therefore the BVs of the three 
most dominant fractions were very similar at each time interval in MBRPO-crit-20d. 
However, this effect was less pronounced at even higher flux conditions as the 
differences were marginally more significant in MBRPO-super-20d, with the protein 
fraction being the relatively more dominant fouling fraction on the membrane surface. 
Protein, which was found as the fraction that adhered most readily to the membrane 
surface, was the most dominant organic fouling compound but this effect was not 
through a biofilm developmental mechanism as noticed in MBRPO-sub-20d, as the BVs of 
the other fouling constituents (except lipids) were significantly high as well. Such 
results corroborated with the physico-chemical analyses of this study, in which excess 
EPS generated may be found on the membrane surface regardless of the lower SMP 
concentrations in MBRPO-crit-20d and MBRPO-super-20d compared to those observed in 
MBRPO-sub-20d. These results suggest that EPS may be a good indicator of fouling 
propensity. 
 
When compared to the other fouling constituents, the lipid fraction was insignificant 
for all MBRs. These lipids observed were simply by-products of the bacterial cells on 
the membrane surface and appeared to have little effect on membrane fouling. 
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4.2.2.2 Porosity (P) of Foulants 
Porosity results were found to corroborate well with BV observations. Figures 4.13 – 
4.16 show the porosities of the four fouling constituents in each MBR with time. The 
porosity values shown were average porosity values of each three dimensional CLSM 
series, and were able to accurately reflect the amount of voids within the foulant layer 
on the membrane surface. The porosities of all fractions decreased with increasing 
time and flux in all MBRs. These results agreed with previously conducted studies 
(Yun et al., 2006; Lee et al., 2007) and were not unexpected since the overall foulant 
coverage on the membrane surface would generally increase with time. With increased 
coverage, there would be a corresponding decrease in porosity. Since the thickness of 
the fouling layer was expected to also increase with time and flux, and when the 
fouling layer became denser with increased flux through its compression, the overall 
porosity of the three-dimensional fouling layer became lower. This would lead to an 
increase in membrane fouling as indicated by a rise in the TMP. 
 
Of the four constituents targeted, the protein fraction had the lowest porosity value for 
all time intervals, regardless of the MBR. This was followed by the polysaccharide, 
cell, and lipid fractions. As such, it was believed that the protein fraction could be the 
most important fraction that contributed to the rise in TMP, with the lipid fraction 
being the least important. Yet, a detailed analysis of Figures 4.14a and 4.14b revealed 
that a change in TMP followed a change in lipid porosity closely. When there were 
TMP jumps, the change in lipid porosity was more significant than in other fouling 
fractions, while the other fouling fractions generally showed a gradual decrease in 
porosities. Such conflicting conclusions reflect the need for in-depth multi-approach 
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statistical analyses that account for other fouling parameters as well. The results of 
these analyses will be discussed in greater detail in later sections. 
 
In the cell, protein and polysaccharide fractions, the porosities of MBRPO-crit-20d and 
MBRPO-super-20d were found to be significantly different at the same time interval at 
95% confidence interval, with the exception of a few cases. A further comparison of 
the porosities of each fouling fraction that registered similar TMP, regardless of the 
time of operation or MBR, showed that the porosity values were not significantly 
different at 95% confidence level. This meant that porosity was closely linked to the 
TMP value. As such, it was suspected that the porosity values had a distinct 
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Figure 4.16 Temporal variations in porosity of polysaccharides (a) MBRPO-super-20d; (b) MBRPO-crit-20d; (c) 
MBRPO-sub-20d. 
 
4.3  Effect of Foulants and Fouling Parameters on Membrane 
Fouling 
The impact of the individual foulant on membrane fouling was possibly indicated by 
textural parameters, as shown in earlier sections. However, these were only hypotheses 
and needed verification through quantitative means. The relationship between TMP 
and porosity could be one such positive proof of the impact of each foulant on TMP 
rise, and was obtained from equations developed in early filtration studies (Carmen, 
1938; Chudacek and Fane, 1984). The flux of an MBR can be expressed by  
ηη gR+mR
TMP
 =J  (Equation 4.1) 








aVCR bg  (Equation 4.2) 
Since the Carmen-Kozeny equation (Carmen, 1938) states that  
(a) (b) 
(c) 
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The relationship between TMP and porosity can be obtained by combining Equations 










  (Equation 4.5) 
 
Since it was previously shown that porosity was closely linked to TMP regardless of 
the MBR or flux conditions, all the porosity values of each constituent were combined 
into one parameter and TMP as the other variable. The porosity function was then 
plotted against TMP.  
 
Figure 4.17 shows the relationship between TMP and the porosity function. Figure 
4.17a shows the relationship for the various foulants based on the initial 3 d of 
operation in each batch experimental run. It was seen that the porosity function of all 
fouling constituents had a strong positive relationship with TMP. The effect of each 
constituent on the rise in TMP was reflected by the gradient of the lines. It could be 
concluded that protein had the most significant impact on TMP rise, while lipids had 
the least effect. This result reinforced the notion that textural parameters accurately 
reflected the impact of each constituent on membrane fouling, and the notion that 
protein was the most important fraction that contributed to membrane fouling in this 
study. However, this contradicted the results obtained from physico-chemical analyses, 
in which the carbohydrate fraction in the bulk solution was suspected to contribute to 
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TMP rise to a greater extent. Since the microstructure parameters resulted from 
foulants adhered directly on the membrane surface, it was believed that these 
parameters were more accurate in indentifying the causes of membrane fouling. 
Moreover, Zhang and Bishop (2003) also reported that biofilms utilise carbohydrate 
compounds faster than proteins, thus resulting in skewed physico-chemical results in 
which carbohydrates contributed to TMP rise to a greater extent. Therefore, it may be 
concluded that the carbohydrates in the bulk solution could have been assimilated by 
bacteria in the activated sludge, and fouling control may be mitigated by the removal 
of proteins from the membrane surface, and by preventing its adherence to the 
membrane surface. 
 
Figure 4.17b shows the same relations based on the data collected for long term 
MBRPO-sub-20d operation. While relatively strong positive relationships with TMP were 
obtained from each fouling constituent, the correlation decreased slightly as compared 
to the lines obtained in Figure 4.17a. The coefficient of determination, R2, in all slopes, 
except proteins, decreased in long term analyses. This was likely to be brought about 
by internal pore blocking by inorganic substances that were not detected. A filtration 
test at the end of the study was conducted on each membrane module after chemical 
cleaning, and it was found that both modules from MBRPO-crit-20d and MBRPO-super-20d 
achieved almost 99 % recovery while the membrane module from MBRPO-sub-20d only 
achieved 95 % recovery. Since chemical cleaning was incapable of removing internal 
pore blocking, the membrane module from MBRPO-sub-20d was shown to be more 
susceptible to pore blocking than the other MBRs. This was likely to be due to the 
length of operation, in which inorganic compounds slowly accumulated within the 
membrane pores resulting in irreversible membrane fouling. 
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Figure 4.17 Relationship between porosity function versus TMP. (a) Initial 3 d fouling; (b) Long term 
fouling. 
 
The effect of BV might be as equally significant since it was shown earlier that fouling 
mechanisms were vastly different under different flux conditions. Thus, using these 
two parameters, a multi-level factorial analysis of the various micro-structural 
parameters on their effect on TMP was conducted. Figures 4.18 a – c show the effect 
(a) 
(b) 
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of the microstructural parameters. The overall BV effect in MBRPO-sub-20d was 
approximately 60% of the total impact on TMP. This value decreased to 55 and 58% 
for MBRPO-crit-20d and MBRPO-super-20d, respectively. This implied that the importance of 
volumetric foulant attachment on the membrane surface diminished as the flux 
increased. Although a greater amount of foulants were found adhered to the membrane 
surface at higher flux conditions, the voids between the foulants gained prominence in 
fouling development. 
 
Figures 4.18 a – c also show the differences in fouling mechanism under different flux 
conditions. The total effect of bacteria on membrane fouling in MBRPO-sub-20d was 
found to be 48%, while the effects of protein, polysaccharide, and lipid were 30, 18, 
and 4%, respectively. In MBRPO-crit-20d, the effects of bacteria, protein, polysaccharide, 
and lipid were 28, 26, 25, and 21%, respectively. And in MBRPO-super-20d, the effects of 
bacteria, protein, polysaccharide, and lipid were 25, 28, 29, and 18%, respectively. 
Clearly, the fouling mechanism in each MBR was different with the most significant 
difference in MBRPO-sub-20d. The effect of bacteria was highest in MBRPO-sub-20d and 
lowest in MBRPO-super-20d. This reduction in effect indicated that the presence of 
bacteria on the membrane surface causing membrane fouling became less important 
with increased flux. Moreover, the differences between the various fouling fractions 
within each MBR also became less significant with increased flux. These results 
reinforced the conclusion that the fouling mechanism moved from one that was biofilm 
initiated to one that was non-biofilm initiated bio-organic fouling as flux increased. As 
such, fouling control in MBRs has to be case specific in order to operate at higher 
fluxes for increased permeate volumes. 
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One of the easiest methods in fouling control is in MBR operation, where process 
parameters are chosen such that membrane fouling is minimised. Figures 4.18 d –f 
show the effect of the process parameters on TMP. In MBRPO-sub-20d, the greatest 
contributions to membrane fouling were SMPP (36%), and MLSS (26%). Since it was 
found that proteins were the conditioning foulant in MBRPO-sub-20d, this fraction on the 
membrane surface could have resulted from SMPP. Also, MBRPO-sub-20d underwent a 
biofilm initiated fouling mechanism, wherein bacteria (or biomass) were 
comparatively more important to membrane fouling than other fractions and in other 
MBRs. Therefore, a high contribution from the MLSS concentration served to enhance 
the proposed fouling mechanism in MBRPO-sub-20d. In the other two MBRs, differences 
in effects from the various process parameters became less pronounced as flux 
increased. This, again, hinted that the two MBRs underwent a bio-organic fouling 
process. Foulants regardless of type were allowed to come into greater contact with the 
membrane surface at higher fluxes, thereby increasing the chances of attachment onto 
the surfaces. In MBRPO-crit-20d, the two most important foulants in the bulk solution 
were SMPC (24%) and SMPP (22%), as were in MBRPO-super-20d. These indicated that 
the SMP concentrations of protein and carbohydrate contributed to membrane fouling 
significantly. These results corroborated with micro-structural parameters, in which 
protein and polysaccharides increased fouling tendency as flux increased. Therefore, in 
order to reduce membrane fouling at higher flux conditions, protein and carbohydrate 
concentrations in the activated sludge have to be reduced. It is proposed that in order to 
operate an MBR at higher flux conditions, the SRT of the MBR has to be longer such 
that EPS and SMP productions are reduced, and will not adversely affect the rise in 
TMP. 
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Figure 4.18 Effect plots of fouling parameters. (a – c) Micro-structural parameters; (d – f) Macro-
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4.4 Summary 
1) Membrane fouling rates increased with higher operating fluxes through 
increased production of MLSS, and EPS concentrations. 
2) EEM plots showed a shift in characteristics between the permeate and bulk 
solution. Protein peaks were absent in the permeate but were present in the 
SMP samples. This indicated that protein-like microbial by-products were 
removed by the membrane and found adhered on the membrane surface. 
3) Proteins were the conditioning foulant on the membrane surface. 
4) BV of the foulants increased with time and flux, while the porosity 
correspondingly decreased. 
5) Proteins had the largest overall effect on the rise in TMP regardless of the flux 
conditions. The lipid fraction had the least effect. 
6) Physico-chemical analyses suggested that the carbohydrate fraction was more 
important to membrane fouling. This contradicted with the microstructural 
results, wherein proteins were the overall most important fraction. This showed 
the limitations of using only physico-chemical parameters to characterise 
membrane fouling. 
7) Fouling mechanisms in MBRs shifted from a biofilm initiated process in 
MBRPO-sub-20d to a non-biofilm initiated bio-organic fouling process in MBRPO-
crit-20d and MBRPO-super-20d. Therefore, fouling control has to be specific to the 
individual MBR system. 
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ANALYSIS OF MEMBRANE FOULING IN MBRs 
UNDER DIFFERENT SOLIDS RETENTION TIMES 
 
5.1 Introduction 
Early membrane bioreactors (MBRs) have been operated at solids retention times 
(SRT) of as high as 100 d with mixed liquor suspended solids (MLSS) concentrations 
of up to 30 g L-1 (Le-Clech et al., 2006). The advantages of operating MBRs at 
extended SRTs include minimal sludge wasting and better biodegradation of 
recalcitrant compounds in the biological reaction tank. However, the recent trend is to 
apply a lower SRT of around 10 to 20 d, resulting in a more manageable MLSS 
concentration levels. Moreover, long SRT operations allow for the progressive 
accumulation of non-biodegradable compounds like hair and lint, which lead to the 
clogging of the membrane module. New operating conditions with lower SRTs 
resulted in less membrane fouling and a decrease in the overall maintenance costs. 
Thus, it was believed that MBR operations at a lower SRT, with lower MLSS 
concentrations, would be better than otherwise.  
 
Yet, recent research has shown that MBRs operated at lower SRTs, in spite of lower 
MLSS concentrations, encountered higher fouling propensity than MBRs operated at 
higher SRTs (Ng and Hermanowicz, 2005; Ng et al., 2006; Trussell et al., 2006). This 
was attributed to the increased levels of production of extracellular polymeric 
substances (EPS). Other operating and biomass conditions also have a major influence 
on fouling propensity. The effects of SRT on biomass characteristics and their inter-
relatedness make membrane fouling a complex issue and must be analysed in its 
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entirety. Therefore, it is likely that there is an optimal SRT, between high fouling 
tendency of very low SRT operation and highly viscous suspension for long SRT.  
 
It was shown earlier that the fouling mechanisms for different flux operations were 
distinct, with biofilm initiated membrane fouling dominating at sub-critical fluxes, and 
non-biofilm, bio-organic flux initiated membrane fouling becoming more dominant at 
higher fluxes. These results were, however, specific for MBR operating at 20-d SRT. 
Since biomass characteristics are significantly different under varying SRT, the fouling 
mechanism could potentially differ. It is, therefore, of interest to determine if the 
fouling mechanisms of an MBR operated at another SRT would be significantly 
dissimilar, and if so, how would membrane fouling be initiated and progress. An 
understanding of the similarities and variances in membrane fouling mechanisms 
would allow better and more appropriate mitigation methods to be adopted. 
 
The aim of this study was to understand the effects of different fouling constituents in 
the fouling layer have on TMP, and identify any changes in the fouling mechanism 
under different SRTs. For these objectives, the organic fouling layer on the membrane 
surface, at prescribed times of operation, were sectioned and stained and confocal laser 
scanning microscopy (CLSM) images were obtained. Micro-structural parameters 
were quantified from the images using Image Structural Analysis (ISA-2) software 
(Beyenal et al., 2004b). The results of MBRs operated at varying fluxes at 10-d SRT 
were compared to those operated at 20-d SRT, such that fouling mechanisms under 
SRTs commonly used in the industry can be elucidated. 
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The experimental results presented in this chapter are based on data obtained from 
MBR operations conducted thrice until the transmembrane pressure (TMP) in each 
MBR reach 30 kPa. Thus all values represented in this chapter are averages of the 
three runs. 
 
5.2 Results and Discussions 
5.2.1 Physico-Chemical Characterisation 
5.2.1.1 Membrane Fouling Performance 
The membrane performances as indicated by changes in the TMP of the six MBRs are 
shown in Figure 5.1. Each data point on the figure represents the average TMP value 
collected from three separate experimental runs. Results showed that MBRs operated 
at a shorter SRT consistently fouled more rapidly than MBRs operated at a longer SRT 
with corresponding flux conditions. The TMP of MBRPO-super-10d exceeded 30 kPa after 
24 h of operation, while MBRPO-super-20d exceeded the same value after 36 h. Operations 
of MBRPO-crit-10d ceased 1 d before MBRPO-crit-20d. And while MBRPO-sub-10d reached a 
TMP over 30 kPa after 14.5 d, MBRPO-sub-20d did not reach the cut-off TMP value 
despite being operated for over 70 d continuously. Such consistent results proved that 
regardless of the operating fluxes, a shorter SRT of 10 d led to greater membrane 
fouling propensity. 
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Figure 5.1 Average TMP profiles of the MBRs. 
 
Selection of an optimal membrane flux is critical for sMBRs to achieve sustainable 
operations. A higher suction flux will bring more foulants to the membrane surface, 
thereby increasing the chances of deposition onto the membrane surface through 
convective flow (Germain et al., 2005; Ng and Ng, 2008). In this study, the membrane 
fluxes were based on obtaining the critical flux value from each set of operating 
condition. Thus, comparisons of the fluxes were made on the physico-chemical 
conditions within the MBRs. Nevertheless, the differences in membrane fluxes, when 
comparing MBRs that were operated under similar flux conditions, were in the same 
order of magnitude, and were thus not a crucial factor in affecting membrane fouling. 
In this study, it was found that MBRs operated at shorter SRT experienced more 
severe fouling even though the flux experienced in these MBRs were lower than their 
respective counterparts that were operated at a longer SRT. 
 
Chemical cleaning of the membranes showed similar results to those obtained in Phase 
1 (Chapter 4). Up to 95 % recovery was observed from membranes operated at sub-
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critical fluxes, while the recovery increased to 97% and 98% for MBRs operated at 
critical and super-critical fluxes, respectively. Therefore, in spite of the differences in 
SRT, inorganic pore blocking was found to be more severe in MBRs operated at sub-
critical flux conditions. 
 
5.2.1.2 Effect of Biomass Characteristics on Membrane Fouling: Mixed Liquor 
Suspended Solids (MLSS) Concentration, Sludge Relative Hydrophobicity 
(RH), and Sludge Zeta Potential 
While several researchers have reported that a high MLSS concentration will increase 
membrane filtration resistance (Yamamoto et al., 1989; Shimizu et al., 1996, Hwang et 
al., 2003), in this study, MBRs with lower MLSS concentrations at 10-d SRT 
experienced higher membrane fouling rates than their corresponding MBRs of similar 
flux conditions at 20-d SRT (Figure 5.2). The average MLSS concentrations of 
MBRPO-0-20d and MBRPO-sub-20d were relatively constant and were approximately two 
times higher than those of MBRPO-0-10d and MBRPO-sub-10d, respectively. The same trend 
was observed for MBRs operated at critical and super-critical fluxes. Membrane 
permeability was also found to improve in increasing MLSS concentrations regardless 
of growth conditions (Lee et al., 2001). Chemical cleaning was carried out more 
frequently in MBRs operated at shorter SRT than those operated at longer SRT. Fan et 
al. (2000) carried out chemical cleaning every 3 – 5 d for an MBR operated at 5-d SRT 
while the MBR operated at 20-d SRT was operated for more than 70 d without 
chemical cleaning, as was observed in this study. Thus, a high MLSS concentration 
may not necessary lead to more rapid membrane fouling. The complex nature of the 
effect of MLSS could also be observed in various literature (Cicek et al., 1999; 
Defrance and Jaffrin, 1999; Huang et al., 2001; Hong et al., 2002; Chang and Kim, 
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2005; Lesjean et al., 2005; Brookes et al., 2006; Judd, 2006). As such, the value of 
MLSS concentration as a gauge of membrane fouling propensity is diminished by the 
many conflicting results, most likely attributed to the complex and inter-related nature 
of the many fouling parameters.  
 
 
Figure 5.2 Temporal variations in MLSS (average) concentrations. 
 
Table 5.1 Average RH and sludge zeta potential values. 
MBR 
Relative Hydrophobicity (%) Zeta Potential (mV) 
10 d 20 d 10 d 20 d 
PO-0 92.63 ± 3.13 91.01 ± 3.87 -21.04 ± 0.99 -17.67 ± 0.99 
PO-sub 93.15 ± 3.01 91.24 ± 3.76 -24.01 ± 1.10 -20.78 ± 1.03 
PO-crit 95.42 ± 4.21 93.57 ± 4.23 -21.84 ± 1.11 -22.37 ± 1.28 
PO-super 96.39 ± 4.80 94.96 ± 3.49 -25.65 ± 1.32 -17.59 ± 0.97 
 
The average relative hydrophobicity (RH) values of activated sludge at different SRT 
and operating flux conditions are summarised in Table 5.1. At both SRTs, the RH 
increased with increasing flux conditions. This implied that the activated sludge 
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became more hydrophobic with flux. RH of MBRPO-0-10d was found to be significantly 
different from that of MBRPO-0-20d at 95% confidence interval. This meant that the 
changes in RH were brought about by changes in the SRT. Similar conclusions were 
reached with MBRPO-sub-10d and MBRPO-sub-20d; MBRPO-crit-10d and MBRPO-crit-20d; and 
MBRPO-super-10d and MBRPO-super-20d. It was shown previously (Chapter 4) that an 
increase in RH led to an increase in fouling propensity. This was made based on flux 
variations in the MBRs. In this case, SRT was found to influence the RH values in the 
MBR. A shorter SRT was found to increase the RH of the activated sludge. And in 
accordance to the results obtained previously, this led to an increase in membrane 
fouling rate. Since the RH is affected by many physico-chemical characteristics of the 
biomass, it would be more appropriate to consider the concentrations of soluble 
microbial products (SMP) and EPS. Regardless, average RH values were able to 
indicate a comparative rate of membrane fouling between various MBRs, barring any 
differences in other parameters. 
 
Table 5.1 shows the average zeta potential values of the eight MBRs. Using Student’s 
t-test, it was found that the zeta potentials were all significantly different from one 
another at 95% confidence interval, with the exceptions of MBRPO-0-10d and MBRPO-crit-
10d, and MBRPO-0-20d, and MBRPO-super-20d. This was surprising as the physical and 
operating conditions were different in the MBRs. With the zeta potential of the 
polyolefin membrane being -21 mV, it was expected that biomass with a more 
negative zeta potential value would repel more strongly with the membrane surface. 
However, MBRs operated at 10-d SRT were observed to foul more quickly than their 
corresponding MBRs operated at 20-d SRT. This observation suggested that other 
Chapter 5  Solids Retention Times 
Membrane Fouling Characterisation in Aerobic Submerged Membrane Bioreactors  Page | 117 
factors played a more important role on membrane fouling than the zeta potential. The 
use of zeta potential as an indicator of fouling propensity was therefore insufficient. 
 
5.2.1.3 Effect of Soluble Microbial Products (SMP) and Extracellular Polymeric 
Substances (EPS) Concentrations on Membrane Fouling 
Table 5.2 shows the average protein concentrations of the eight MBRs. The protein 
concentrations were quantified from the permeate (PMTP), SMP (SMPP) and EPS 
(EPSP). Table 5.3 shows the average carbohydrate concentrations of the eight MBRs, 
collected from the permeate (PMTC), SMP (SMPC), and EPS (EPSC). According to 
Namkung and Rittmann (1986), SMP can be released into the solution from substrate 
metabolism or biomass decay, and from the influent. Due to the characteristics of the 
synthetic wastewater used, the detection of protein and carbohydrate compounds in the 
MBRs could be attributed solely to microbial processes. It was found from this study 
that the SMP and EPS concentrations, regardless of proteins or carbohydrates, were all 
higher at a shorter SRT. This suggested that more such compounds were produced and 
released during biomass growth phase in an MBR.  
 
Membrane rejection based on the difference in the concentrations between the SMP 
and permeate of each MBR showed that it was inversely related to the SRT. This 
meant that membrane rejection of proteins and carbohydrates was higher at 10-d SRT 
compared to 20-d SRT. For example, protein rejection in MBRPO-sub-20d was found to 
be 48% while it was 60% in MBRPO-sub-10d. Rejection also increased as the flux 
increased. The SMP concentration in the mixed liquor was found to be highly related 
to the SRT. At a shorter SRT operation, the membrane was found to reject more 
foulants. As such the concentrations of SMPP and SMPC were higher in MBRs 
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operated at 10-d SRT compared to those operated at 20-d SRT. The more rapid fouling 
in MBRs at shorter SRTs suggested that SMP concentration in the mixed liquor played 
an important role in the fouling of membrane. Bouhabila et al. (2001) and Lee et al. 
(2003) reported that that the liquid fraction of the MLSS at a short SRT may be 
responsible for overall membrane fouling. Similarly, this study showed that a short 
SRT and HRT resulted in higher SMP concentrations in the MBRs and resulted in an 
increased in membrane fouling rate.  
 
Rejection of carbohydrates was also found to be more significant than that of proteins. 
This meant that carbohydrates could possibly be the more important foulant than 
proteins. However, it was shown earlier (Chapter 4) that while the rejection appeared 
to be more significant for carbohydrates, more proteins were found on the fouling layer 
instead, indicating that the carbohydrates were used by microorganisms in the MBRs. 
 
Similarly, the EPS concentrations of proteins and carbohydrates were found to be 
inversely related to the SRT. A short SRT operation allowed for higher EPS 
production per unit biomass. Contradictory reports on the effects of SRT on EPS 
production were found in literature. Some reports showed that EPS concentration was 
independent of SRT (Lee et al, 2003; Shon et al., 2004), while others reported a 
decrease with shorter SRT (Ng and Hermanowicz, 2005). It was proposed that when 
microorganisms are experiencing rapid growth at short SRT, the rate of biomass 
growth exceeds the rate of EPS production, leading to a lower EPS concentration per 
unit biomass (Ng and Hermanowicz, 2005). In contrast, this study found that EPS 
concentrations of both proteins and carbohydrates increased with a shorter SRT, and is 
corroborated by observations reported by Chang and Lee (1998) and Nuengjamong et 
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al., (2005). At a shorter SRT, excess substrates not utilised by the microorganisms 
immediately could be stored as EPS, therefore resulting in a higher concentration per 
unit biomass. 
 
Table 5.2 Average protein concentrations. 
 
 
Table 5.3 Average carbohydrate concentrations. 
 
 
As SMP and EPS are highly related, a high EPS concentration would lead to a high 
SMP concentration. However, this was not proportional. While the EPS concentrations 
between MBRs operated at critical and super-critical flux conditions were significantly 
different, the same could not be said for their SMP concentrations. This difference 
could have been a consequence of the flux conditions that allowed the foulants from 
the SMP to adhere on the membrane surface more rapidly. Regardless, the 
physiological state of the biomass, which is affected by SRT, would ultimately control 
the amount of SMP and EPS present in the MBR. Thus, both SMP and EPS would 
directly influence the rate of membrane fouling. 
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However, the implication and importance of the individual constituent in SMP and 
EPS are unclear and should be identified based on the foulants found on the membrane 
surface.  
 
5.2.1.4 Molecular Weight (MW) Distribution Profiles 
The molecular weight (MW) profiles of the three flux operated MBRs at 10-d SRT are 
shown in Figure 5.3. Similar to the observations recorded between the MW 
distributions of permeates and SMP of the MBRs operated at 20-d SRT (Chapter 4; 
Figure 4.7), there were little differences in the peaks in the permeates and SMP of the 
respective MBRs. These little differences indicated that organic rejection by the 
membrane was not due to size exclusion, but attributable to the fouling layer 
developed on the membrane surface. This phenomenon, as shown in the results in the 
previous chapter, is substantiated by the results of MBRs operated at 10-d SRT at 
varying flux conditions. Therefore, membrane fouling was not based on size exclusion 
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Figure 5.4 Molecular weight profiles of supernatant. (a) 10-d SRT; (b) 20-d SRT. 
 
In contrast, the MW profiles of the mixed liquor of the MBRs at 10-d and 20-d SRT 
show distinct differences (Figure 5.4). Clearly, there was a shift in the dominant 
compounds towards a higher MW in MBRs operated at 10-d SRT. The dominant peak 
in MBRPO-sub-10d, MBRPO-crit-10d, and MBRPO-super-10d occurred at 1300 Da. Dominance 
of this particular compound diminished when SRT increased. While this peak was 
present in MBRPO-sub-20d, MBRPO-crit-20d, and MBRPO-super-20d, it was not dominant in 
MBRPO-super-20d. Instead, a compound with a MW of 900 Da dominated in MBRPO-super-
20d. This hinted that at different SRTs, membrane fouling could possibly be caused by 
the differences in MW, and the size exclusion could have played a role in membrane 
(b) 
(a) 
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fouling. The presence of more large MW compounds in MBRs operated at a shorter 
SRT could be due to the inability of microorganisms undergoing their growth phase to 
degrade such organics. Conversely, the absence and diminished presence of the larger 
MW compounds may be attributed to the length of SRT that allowed a more mature 
community of microorganisms to degrade such compounds. 
 
5.2.1.5 Excitation-Emission Matrices (EEM) 
It has been shown that a change in SRT affected the MLSS, SMP, and EPS 
concentrations, as well as the MW distribution, with the use of physico-chemical 
characterisation techniques. A higher concentration of SMP and EPS increased 
membrane fouling propensity as did a higher proportion of larger MW compounds. 
The use of EEM for characterising foulants in Chapter 4 indicated the protein by-
products from microbial processes were excluded from the permeates of the MBRs. 
Thus, EEM profiles of the permeates, SMP, and EPS of MBRs operated at 10-d SRT 
were plotted and compared to those at 20-d SRT. 
 
The EEM spectra of the various liquid samples of MBRs at 10-d SRT are shown in 
Figure 5.5. Shapes of the spectra obtained were significantly different across the 
MBRs, indicating that the characteristics of the samples were altered by HRT.  
Similarly, when compared to the spectra plotted for MBRs operated at 20-d SRT 
(Figure 4.8), the shapes and spread were visually different as well. Therefore, SRT 
also affected the characteristics of the liquid samples. However, it was not possible to 
determine whether a certain shape or spread of the contour plot would affect 
membrane fouling more adversely or otherwise.  
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In both SRT conditions, differences were detected in the compounds between the 
permeate samples, and the SMP and EPS samples. The EEM profiles showed that the 
membrane served as a barrier for some of the compounds present in the mixed liquor. 
The main peaks found in the permeate samples were attributed to fulvic- and humic-
like substances, as indicated by the peaks at Ex/Em = 250 nm/390 nm, 250 nm/425 
nm, and 270 nm/390 nm.  Such peaks were also found in the SMP and EPS samples 
obtained. However, an additional protein-like substance, likely to be a microbial by-
product, was found in SMP and EPS samples, as indicated by the peaks at Ex/Em = 
270 nm/370–375 nm (Chen et al., 2003). Such protein-like substances present in the 
SMP and EPS samples were also detected by previously published studies (Kimura et 
al., 2009; Wang et al., 2009). The lack of a protein-like peak in the permeate samples 
could indicated that such substances could be removed by the filtration process, and 
may be found adhered to the membrane surface. Since protein was detected in lower 
concentrations in the permeate samples by the colorimetric method compared to the 
SMP samples, it was highly probable that such protein-like peaks in the EEM were too 
low to be detected, thereby demonstrating a shift in the characteristics of the dominant 
substances between the SMP and permeate samples. Analysis of the foulants on the 
membrane surface in another study also showed similar protein-like peaks (Kimura et 
al., 2009), indicating that protein microbial by-products contributed to membrane 
fouling. Therefore, proteins compared to humic or fulvic substances were a more 
important membrane foulant. 
 
While the EEM plots highlighted the distinct shift in the characteristics between the 
supernatant of the mixed liquor (indicated by SMP) and the permeate, showing that 
protein-like microbial by-products were adhered to the membrane surface, it was 
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incapable of indicating which substance (proteins or carbohydrates) caused membrane 
fouling to a greater extent, or had a greater membrane fouling propensity. The use of 
CLSM imaging techniques coupled with image analyses could elucidate the 
relationship between foulants and membrane fouling, and indicate differences in the 
fouling mechanism of MBRs operated at different SRTs. 
 
 
Figure 5.5 EEM profiles of permeate, SMP and EPS of the three different MBRs. 
 
5.2.2 Micro-Structural Characterisation of Fouling Layer 
Membrane fouling mechanism is best ascertained through the assessment of the 
constituents in the fouling layer. Using CLSM to image cells, lipids, proteins and 
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polysaccharides through appropriate staining techniques, the microstructure of the 
fouling layer can be quantified with an imaging software. While many parameters 
were obtained with the analytical software, only two more important ones are 
presented in this chapter. Bio-volume (BV) porosity (P) were found to better describe 
the fouling layer on the membrane surface in relation to the state of membrane fouling, 
and were thus chosen for this report. 
 
5.2.2.1 Bio-volume (BV) of Foulants 
The bio-volume (BV) shows the amount of foulants found on the membrane surface. 
This BV value represents the extent of membrane fouling and by separating the fouling 
layer into its various constituents; BV is able to illustrate the effect of each constituent 
on membrane fouling. This is an indication of the propensity of adherence of a 
particular foulant onto the membrane surface and the subsequent propagation. Figures 
5.6 to 5.9 show the BV of cells, lipids, proteins and polysaccharides, respectively. 
 
The BVs of all foulants and in all MBRs increased with time, as was expected. This 
was due to the fact that unless substantial scouring and sloughing were to occur, the 
fouling layer would continue to grow both in area and thickness, due to biofilm 
formation and convection of the foulants towards the membrane surface by the suction 
force. Generally, it was found that the BV of proteins increased more rapidly than 
other foulants. This was followed by those of polysaccharides, cells and lipids. It was 
suspected that this was an indication of the propensity of the individual compound to 
cause membrane fouling. The contact angle of the clean membrane surface was 72o, 
which was considered to be mildly hydrophilic. This meant that it was equally 
susceptible to the interactions with hydrophobic compounds as well. Therefore, 
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relatively hydrophobic protein molecules could adhere rather easily onto the 
membrane surface. This was likely to be due to a hydrophobic-hydrophobic interaction 
between the protein molecules and the membrane material (Chi and Amy, 2004). Such 
results also corresponded to findings published by Zator et al. (2007), in which more 
proteins than polysaccharides were found attached to their membrane used. 
 
The BV of each foulant also increased with increasing operating flux conditions. With 
a higher flux, convection of foulants towards the membrane surface by the suction 
force increased. This enhanced the chances of foulants attaching onto the membrane 
surface. It was shown in Chapter 4 that membrane fouling mechanism was highly 
influenced by the operating flux. As was observed in MBRs operated at 20-d SRT, the 
fouling mechanisms in MBRs operated at 10-d SRT appeared to be significantly 
different in terms of the flux conditions and also of SRT. These will be discussed in 
greater detail in later sections. 
 
When comparing the BV of each foulant between MBRs operated at 10- and 20-d 
SRTs, it was observed that the BVs of foulants at 10-d SRT were always lower than 
those found at 20-d SRT. Cell volume on membrane surfaces, for each flux condition, 
was always lower in MBRs operated at 10-d SRT (Figure 5.6). This could possibly be 
due to the lower MLVSS concentration in the reactors as compared to their respective 
20-d SRT MBRs. The lower MLVSS concentration indicated that the biomass 
concentration in the biological reaction tanks was lower. This implied that there were 
fewer cells, by volume, for attachment onto the membrane surfaces. Therefore it was 
possible that MBRs operated at a shorter SRT could have lesser cells found on the 
membrane surfaces compared to those operated at a longer SRT. 
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Changes in the lipid volume on membrane surfaces in different MBRs exhibited a 
similar trend (Figure 5.7). BVs of lipids were always lower in MBRs operated at 10-d 
SRT as compared to their respective counterparts operated at 20-d SRT. This could be 
attributed to the lower MLVSS concentrations in the MBRs as well. It was earlier 
suspected that the lipid content was related to the amount of cells on the membrane 
surface. An increase in the number of cells led to a corresponding increase in the lipid 
volume. This was proven to be true in all MBRs. Thus it is suspected that the lipids on 
the membrane surface served little functional or structural value as they are simply by-
products of the cells upon attachment onto any sub-stratum. 
 
BVs of proteins and polysaccharides also showed identical trends, in which the volume 
of these foulants were observed to be significantly lower in MBRs operated at 10-d 
SRT as compared to their counterparts operated at 20-d SRT, regardless of the flux 
conditions (Figures 5.8 and 5.9). While it could be explained for cells and lipids, that 
the absolute concentrations were lower in the bulk solutions of MBRs operated at 10-d 
SRT and resulted in lower attachment volumes onto the membrane surface, the same 
could not be applied to the lower volume of both protein and polysaccharide fractions 
on membrane surfaces of MBRs operated at 10-d SRT. In MBRs operated at 20-d 
SRT, compared to MBRs operated at similar flux conditions but at 10-d SRT, the 
absolute concentrations of both proteins and carbohydrates found in the bulk solutions 
(SMPP and SMPC) were significantly lower (Tables 5.2 and 5.3). When specific 
concentrations (absolute concentration normalised by the MLVSS concentration) were 
considered, the differences became even more significant as MLVSS concentrations in 
MBRs operated at 20-d SRT were nearly double of that in MBRs operated at 10-d 
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SRT. By virtue of extrapolation from experimental data and valued reasoning, higher 
SMP and EPS concentrations brought about greater membrane fouling, as these 
increased chances of foulant attachment on membrane surfaces (Nuengjamong et al., 
2005; Ng et al., 2006). This indicated that at higher SMP and EPS concentrations of 
proteins and carbohydrates, the increased membrane fouling was caused by an increase 
in the amount of these foulants on membrane surfaces. Yet, this was not observed in 
the MBRs operated in this study. While MBRs operated at shorter SRTs showed 
higher SMP and EPS concentrations of both proteins and carbohydrates, the volume of 
these two foulants on their membrane surfaces were found to be significantly lower 
than that found in MBRs operated at longer SRTs.  
 
The disparities could be attributed to the differences in the tests involved. In CLSM 
imaging, the volume was indicated by pixels captured based on fluorescent probes. In 
contrast, both SMP and EPS concentrations were obtained by colorimetric methods. 
For protein detection, the results were dependent on the formation of a copper complex 
with peptide bonds while carbohydrates detection was based on acid hydrolysis. The 
drawback of such colorimetric methods is such that the protein and carbohydrate 
concentrations were not detected based on the compounds present, but rather on a pre-
determined standard, in which bovine serum albumin (BSA) and glucose were used as 
standards for proteins and carbohydrates, respectively. Therefore, the actual 
concentration of the compounds may not be detected accurately, but based on the 
standards used. If a certain protein compound, with a larger MW and contains more 
peptide bonds compared to BSA, it would indicate a higher concentration. Similar 
conclusions could be reached with the carbohydrate tests. Figure 5.4 clearly shows that 
the MW distributions of the mixed liquor in MBRs operated at a shorter SRT exhibited 
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peaks at higher MW, indicating that larger compounds were present in those MBRs 
compared to MBRs operated at longer SRTs. Thus, SMP and EPS concentrations of 
proteins and carbohydrates could be artificially enhanced by the testing methods. 
 
As such, it could be possible that membrane fouling was affected more by the MW of 
the compounds in the mixed liquor. With a greater distribution of higher MW 
compounds, even when the BV of foulants found on membrane surfaces were low, the 
resulting reduction in porosity by these compounds on the membrane surfaces could be 
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Figure 5.9 Temporal variations in bio-volume of polysaccharides (a) super-critical flux; (b) critical flux; 
(c) sub-critical flux. 
 
5.2.2.2 Porosity (P) of Foulants 
The porosity (P) of a fouling layer is represented by the ratio of voids to the total area 
or volume of the considered sample. This implies that P values range from 0 to 1, with 
1 being the most porous as the area of voids equal to the total area considered. In three-
dimensional imaging using CLSM, porosity values could be obtained from each image 
of the stack. This allowed researchers to identify the porosity distribution along the 
depth of the fouling layer (Hwang et al., 2009). While undoubtedly such representation 
of porosities considered the thickness of the fouling layer and would shed some insight 
into membrane fouling, it negates the heterogeneity nature of the fouling layer. 
Therefore, the overall average three-dimensional porosity of the fouling layer could be 
more effective in characterising membrane fouling. In using the average porosity 
values, the thickness of the fouling layer would be taken into account indirectly. 
Furthermore, comparisons between membrane sections of different MBRs and 
sampling times would be then more accurate. The sampling design of this study also 
(a) (b) 
(c) 
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aimed to produce representative characterisation of the fouling layer, as such average 
three-dimensional porosity values were used in this study. 
 
Figures 5.10 to 5.13 show temporal variations of porosity in the different MBRs. As a 
general trend, regardless of the operating flux or SRT, it was observed that porosity of 
the fouling layer in each MBR decreased with time. This could simply be attributed to 
the growth and development of the biofilm and/or fouling layer on the membrane 
surfaces. While it was recognised that detachment and sloughing were natural 
processes of biofilm development (Stoodley et al., 2002), such activities would occur 
and affect only local porosities. Over the whole substratum, however, the biofilm 
continued to develop. Therefore, the increase in BV and decrease in P were natural 
results of the development of the fouling layer over time. And it is also for that reason 
that depth analyses of porosities at specific imaging locations cannot be used for 
general comparisons with other MBRs, and even within the same MBR, in describing 
membrane fouling mechanisms, since representative values are not obtained from such 
depth analyses. 
 
Similarly, porosity values decreased with flux as was observed from Figures 5.10 to 
5.13. At each sampling time, each foulant showed a lower porosity in MBRs operated 
at super-critical flux conditions, followed by critical and sub-critical fluxes. This was 
true regardless of SRT.  The lowest porosities recorded were from the protein fraction, 
followed by polysaccharides, cells, and lipids. This was interesting as the same trend 
was observed in both SRTs operated. Clearly, this indicated that proteins could be the 
most important fouling fraction in MBRs operated at 10-d SRT, as found in 20-d SRT 
(Chapter 4). Therefore, membrane fouling in these studies could be influenced by 
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characteristics of the membrane material to a greater extent than by the SRT. It is still 
believed, however, that differences in membrane fouling mechanism could be present 
due to physico-chemical characteristics of the mixed liquor as a result of SRT and 
would be discussed in greater detail later. 
 
When comparing MBRs of similar flux conditions, it was observed that the porosity of 
each foulant in MBRs operated at a shorter SRT was lower than those operated at a 
longer SRT, at each sampling time interval. This showed that, at each time interval, 
porosity values decreased with a decrease in SRT. This implied that the MBRs would 
experience greater membrane fouling at a shorter SRT and was corroborated with TMP 
results (Figures 5.10 to 5.13). Interestingly, despite the low BV values of 
polysaccharides found on membrane sections taken from MBRs operated at 10-d SRT, 
the porosity values were significantly low as well. This deviated from the protein 
fraction in the same MBRs, in which the porosities were equally low, but BV values 
were much higher.  It also contrasted from the results obtained in MBRs operated at 
20-d SRT, in which both protein and polysaccharide fractions exhibited low porosities 
with high BV values. This indicated that in MBRs operated at 10-d SRT, the 
polysaccharide fouling constituent formed dense and shallow clusters on membrane 
surfaces thereby resulting in low porosities, while the protein constituent formed dense 
and thick layers on the surfaces. This reinforced the conclusion that both BV and 
thickness of the fouling layer were comparatively less important than porosity when 
characterising membrane fouling.  
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Figure 5.13 Temporal variations in porosity of polysaccharides (a) super-critical flux; (b) critical flux; 
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5.3 Effect of Foulants and Fouling Parameters on Membrane 
Fouling 
Based on the data presented earlier, BV values were shown to be relatively unsuitable 
in describing membrane fouling in MBRs operated at 10-d SRT. However, the effect 
of BV on membrane fouling could not be described clearly. As shown in Chapter 4, 
the plots of effect values based on multi-level factorial analyses were more suitable in 
characterising the effect each foulant had on the rise in TMP, and thus membrane 
fouling. Figure 5.20 shows the ordered effect of microstructural parameters for MBRs 
operated at 10-d and 20-d SRTs. The overall BV effect in MBRPO-sub-20d was 
approximately 60% of the total impact on TMP. This value decreased to 55% and 58% 
for MBRPO-crit-20d and MBRPO-super-20d, respectively. This contrasted with the trend 
obtained for MBRs operated at 10-d SRT. The overall BV effect in MBRPO-sub-10d was 
47%, and this increased to 50% and 59% for MBRPO-crit-10d and MBRPO-super-10d, 
respectively. This implied that the importance of volumetric foulant attachment on the 
membrane surface diminished as the flux increased. Therefore, although greater 
amount of foulants were found adhered to the membrane surface at higher flux 
conditions, the voids between the foulants gained prominence in fouling development 
for MBRs operated at 20-d SRT. Conversely, for MBRs operated at 10-d SRT, the 
importance of BV increased with increasing flux, and the difference was more 
significant that that found in MBRs operated at 20-d SRT.  This implied that adherence 
of foulants were more important at higher fluxes at 10-d SRT. Such fouling differences 
between MBRs of 10-d and 20-d SRT could be due to the absolute concentration of 
SMP and EPS in the mixed liquor. In MBRs operated at 10-d SRT, the EPS and SMP 
concentrations of proteins and carbohydrates were markedly higher than that of those 
operated at 20-d SRT (Tables 5.2 and 5.3).  This may have shifted the dominance 
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towards a general attachment of foulants on the membrane surfaces. Another reason 
for the deviation may be due to the larger MW compounds found in MBRs operated at 
10-d SRT (Figure 5.4). The larger compounds in the mixed liquor could augment the 
chances of attachment onto the membrane surfaces due to increased surface area. This 
again shifted the dominance towards BV fouling.  
 
The differences in fouling mechanism for MBRs under different flux conditions can 
also be understood from Figure 5.14. The total effect of cells on membrane fouling 
was found to be greatest in MBRs operated at sub-critical conditions and decreased for 
critical and super-critical flux conditions, regardless of SRT. Membrane fouling shifted 
from a biofilm initiated process to one that was non-biofilm initiated, bio-organic 
fouling as flux increased. Clearly, the fouling mechanism in each MBR was different 
under different flux conditions, but was similar under different SRTs. Therefore, the 
differences in membrane fouling mitigation should be most severe under different flux 
conditions, and less so under different SRT. For example, under sub-critical flux 
conditions, membrane fouling should be controlled by anti-biofouling membranes that 
prevent biofilm from forming on the surface, while at higher flux conditions, fouling 
control should be conducted to prevent attachment of bio-organics on membrane 
surfaces. The prevention of bio-organics on membrane surfaces should predominate 
under shorter SRT under low flux conditions, while the same mitigation controls may 





Chapter 5  Solids Retention Times 
Membrane Fouling Characterisation in Aerobic Submerged Membrane Bioreactors  Page | 139 
























Chapter 5  Solids Retention Times 
Membrane Fouling Characterisation in Aerobic Submerged Membrane Bioreactors  Page | 140 
Membrane fouling mechanism derived from analyses of microstructural parameters 
was reinforced by multi-level factorial analyses of physico-chemical parameters. 
Figure 5.15 shows the effect of the process parameters on TMP. At each flux 
condition, the three most important parameters were similar regardless of SRT. In 
MBRs operated at sub-critical flux conditions, the three most important parameters 
were SMPP (31%), EPSC (27%), and MLSS (17%), and SMPP (36%), MLSS (26%), 
and EPSC (19%) for 10-d and 20-d SRT, respectively. The relative difference in 
importance in MLSS also served to reinforce the differences in membrane fouling 
mechanism for these two MBRs that were operated under dissimilar SRT. While both 
MBRs underwent a biofilm initiated membrane fouling mechanism, distinctions 
caused by variations in the SRT were noticed, and strengthened the notion that fouling 
control strategies have to be operations specific. Similar conclusions could also be 
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5.4 Summary  
1) Membrane fouling propensity increased at shorter SRT due to the increase in 
SMP and EPS concentrations, and larger MW compounds present in the mixed 
liquor. 
2) EEM analyses showed similar results in MBRs regardless of the flux or SRT. 
Protein-like microbial by-products were consistently not detected in the 
permeates, while they were observed to be present in the SMP and EPS 
samples. 
3) Bio-volume of foulants found on the membrane surface, and the thickness of 
the fouling layer were less important parameters in describing and 
characterising membrane fouling in an MBR. The average porosity was found 
to provide a more accurate representation of membrane fouling, in relation to 
the rise in TMP. 
4) Fouling mechanism shifted from biofilm initiated process in sub-critical flux 
conditions to a non-biofilm initiated, bio-organic process as flux increased.  
5) Membrane fouling mechanisms under different SRT were markedly different. 
Under a shorter SRT, bio-organic membrane fouling exhibited significant 
importance as biofilm-initiated membrane fouling, while at a longer SRT, bio-
organic membrane fouling was less important. 
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Many factors have been shown to affect the rate and propensity of membrane fouling. 
As shown in the previous chapters, flux and solids retention time (SRT) are just two of 
the many operating variables that affect membrane fouling by altering physico-
chemical characteristics and the fouling layer on membrane surfaces. Physico-
chemical parameters such as soluble microbial products (SMP) and extracellular 
polymeric substances (EPS) concentrations, and mixed liquor suspended solids 
(MLSS) concentration have been shown by various research groups to affect 
membrane fouling (Nagaoka et al., 1996; Nagaoka et al., 1998; Chang and Lee, 1998; 
Cicek et al., 1999; Cho and Fane, 2002; Rosenberger and Kraume, 2002; Chang and 
Kim, 2005; Fawehinmi et al., 2004; Rosenberger et al., 2005; Lee et al., 2007). While 
some form of a general trend was gleaned from the studies, the many conflicting 
reports due to differences in operating conditions, influent characteristics, membrane 
configuration and characteristics resulted in confusion on optimised MBR operating 
conditions and membrane fouling mitigating measures.  
 
Besides operational and biomass characteristics, membrane material affects fouling as 
well. Membranes with the same nominal pore sizes but with different structural 
morphology were observed to undergo different fouling behaviours (Fang and Shi, 
2005). Polymeric membranes consist of a network of polymeric fibres that result in a 
highly interconnected pore structure that creates a fairly wide pore size distribution. 
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Track-etched membranes, on the other hand, have straight through cylindrical pores 
that are more or less uniform in size and distribution. Therefore, both membranes show 
differences in membrane fouling. Ho and Zydney (1999) demonstrated that 
membranes with straight-through pores (track-etched membranes) caused a more rapid 
decline in filtrate flux since pore blockage completely eliminated fluid flow through 
the blocked pores. In contrast, membranes with interconnected pores caused relatively 
little decline in filtrate flux since fluid was able to flow around and under the blockage. 
 
While membrane morphology may not be altered easily, surface characteristics 
through specific coatings or modifications may alter the roughness and hydrophobicity 
of the membrane. Surface characteristics are extremely important for the initiation of 
membrane fouling (Kilduff and Karanfil, 2002). Fouling occurs on the micro-scale and 
characteristics in that range are vastly different from those in the macro-scale and vary 
greatly with changes in surface roughness. The roughness characteristics of a 
membrane surface may change the surface forces by orders of magnitude, altering a 
hydrophilic surface to one that repels water (Tansel et al., 2006). Interactions with 
foulants such as activated sludge flocs and biomolecules depend on the altered surface 
characteristics. While it has generally been agreed that membranes with surfaces that 
are smoother and more hydrophilic are less susceptible to membrane fouling, the 
mechanism in which fouling is initiated and developed has not been clearly shown. 
More fundamental understanding in this area will shed light on possible fouling control 
strategies. 
 
Results from the previous two studies presented in Chapters 4 and 5 showed the 
importance of applying appropriate control measures based on differences in fouling 
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mechanisms caused by variations in flux and SRT conditions. This study expounded 
on the previous results and analysed the differences in membrane fouling resulting 
from two different membrane materials. Two common membrane materials, namely 
polyolefin (PO) and polyethersulfone (PES), both with nominal pore sizes of 0.45 µm, 
were used for MBR operations at varying flux conditions. Characteristics of the 
membrane materials are shown in Table 6.1. The MBRs were operated at different 
fluxes such that contrasting fouling mechanisms could be determined and appropriate 
mitigation strategies proposed so that MBRs may be operated at higher flux conditions 
in future, and thereby achieving more efficient and cost effective MBR operations.   
 
Table 6.1 Membrane material properties. 
Membrane Material Properties 
Material Polyolefin (PO) Polyethersulfone (PES) 
Pore Size 0.45 µm 0.45 µm 
Contact Angle 72o ± 5o 58o ± 3o 
 
6.2 Results and Discussions 
6.2.1  Physico-Chemical Characterisation 
6.2.1.1 Membrane Fouling Performance 
Differences in membrane fouling can be observed by the relative increase in TMP. The 
TMP profiles of the MBRs are presented in Figure 6.1. As was in Chapter 4, and as 
was expected, MBRs operated at higher flux conditions showed a higher TMP value 
and membrane fouling increased more rapidly than in MBRs operated at lower flux 
conditions. Such results could be attributed to the high convection rates of foulants 
towards the membrane as reported in many other studies (Field et al., 1995; Chang et 
al., 2002). 
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No specific trend, however, could be reached based on the differences in membrane 
fouling of the different materials used. In MBRs operated at super-critical conditions, 
MBRPES-super-20d exhibited higher initial TMP than MBRPO-super-20d, and the rise in TMP 
was also more rapid. The TMP of MBRPES-super-20d exceeded 30 kPa after 9 h of 
operation compared to 36 h observed in MBRPO-super-20d. On the other hand, MBRPES-
crit-20d showed a slower rise in TMP as indicated by the gentler gradient of the slope 
than MBRPO-crit-20d, yet the initial TMP of MBRPES-crit-20d was observed to be higher. 
MBRPO-crit-20d was shut down after 3 d of operation while MBRPES-crit-20d was shut down 
only after 7 d. MBRPES-sub-20d exhibited lower TMP than MBRPO-sub-20d until the 44th d 
of operation. Thereafter, the TMP rise in MBRPES-sub-20d was extremely rapid, and 
exceeded 30 kPa on the 70th d of operation, while the TMP value of MBRPO-sub-20d was 
only 18 kPa. Since operating conditions in each group of MBR were identical, the 
differences in the TMP profile, and thus membrane fouling could be attributed to the 
membrane material. However, due to the lack of any specific trend, no conclusion 
could be arrived on which membrane material was a better choice for MBR operations. 
This could also be due to the many influencing factors that arose from physico-
chemical properties in the mixed liquor. 
 
Upon reaching a TMP of at least 30 kPa, and at the end of the experimental runs, the 
membrane modules were removed and subjected to chemical cleaning with sodium 
hypochlorite. It was found to be effective in recovering the permeability of the fouled 
membranes. Up to 95% recovery was observed in MBRPO-sub-20d, while permeability 
was recovered to 97% and 98% for MBRPO-crit-20d and MBRPO-super-20d, respectively. 
This contrasted with recoveries of 90, 92 and 94% for MBPES-sub-20d, MBRPES-crit-20d, 
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and MBRPES-super-20d, respectively. The results suggested that chemical cleaning to 
remove irreversible organic membrane foulants from the surface was more effective in 
MBRs operated at higher fluxes and suggested that inorganic pore blocking was more 
severe in the MBR operated at sub-critical flux conditions. The results also showed 





Figure 6.1 Average TMP profiles of the MBRs. (a) 70 d operation; (b) 10 d operation. 
 
6.2.1.2 Effect of Biomass Characteristics on Membrane Fouling: Mixed Liquor 
Suspended Solids (MLSS) Concentration, Sludge Relative Hydrophobicity 
(RH), and Sludge Zeta Potential 
Figure 6.2 shows the temporal variations in MLSS concentrations of the six MBRs. 
MLSS concentrations increased with flux, which could be attributed to the increase in 
influent volume and in biomass growth. However, membrane fouling could not be 
(a) 
(b) 
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linked to the increase in MLSS concentrations. While comparing the MBRs that 
underwent different flux conditions, an increase in MLSS concentration did increase 
membrane fouling propensity. But the average MLSS concentrations in MBRs 
subjected to critical and super-critical flux conditions were similar. Therefore, what 
this study showed was that a faster increase in the MLSS concentration increased the 
rate of membrane fouling. The maximum MLSS concentrations in all MBRs operated 
at fluxes above sub-critical were about 14 g L-1, while the MLSS concentrations in 
MBRs subjected to sub-critical flux conditions were relatively constant. Thus, if 
MLSS concentration was a main contributing factor to membrane fouling propensity, 
both MBRs operated at sub-critical flux conditions regardless of the membrane 
material used, should foul at the same time. However, this was not observed. MBRPES-
sub-20d was found to foul faster than MBRPO-sub-20d. It could then be concluded that the 
difference in membrane fouling was brought about by the differences in the membrane 
material used. Therefore, changes in the fouling layer were more critical in describing 
membrane fouling. 
 
Table 6.2 shows the average sludge relative hydrophobicity (RH) values of the MBRs 
obtained for the entire study. There were little differences in RH values for MBRs with 
the same operating flux conditions.  The RH values of MBRs operated at sub-critical, 
critical and super-critical flux conditions were approximately 91, 92 and 94%, 
respectively. This showed that the mixed liquor became more hydrophobic as HRT 
decreased.  While these results show that membrane fouling propensity increased with 
an increase in RH regardless of the membrane material, they did not explain why PES 
membrane fouled more rapidly for sub-critical and super-critical flux conditions, and 
more slowly for critical flux conditions, since in all cases the RH values of the sludge 
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in MBRs operated with PES membranes were marginally higher than that in MBRs 
operated with PO membranes. Since differences in RH values for MBRs under similar 
operating conditions were insignificant, the cause of membrane fouling and its 










Chapter 6 Membrane Materials 
Membrane Fouling Characterisation in Aerobic Submerged Membrane Bioreactors  Page | 150 
The average zeta potential (ZP) values of the activated sludges are presented in Table 
6.2. No clear trend was observed for the ZP values in relation to the TMP. Under each 
operating condition, it was found that the ZP values were significantly different at 95% 
confidence interval, by means of the Student’s t-test for statistical analyses. This was 
highly surprising since the RH values of the same mixed liquor were almost identical. 
In MBRs with PO membranes, the ZP values decreased with increasing flux, possibly 
because of an increase in the SMP concentrations. This trend was not observed in 
MBRs with PES membranes.  
 
The ZP of PO membranes was found to be -21 mV at pH 7.1, while the ZP of PES 
membrane was -28 mV at the same condition. This implied that biomass with more 
negative ZP values would repel only marginally more strongly with PO membranes 
than with PES membranes. Comparing MBRs of the same membrane material, it was 
found there was no relation between the ZP values and membrane fouling propensity. 
As such, these observations suggested that other fouling parameters played more 
important roles towards membrane fouling than the flux condition. This was explained 
in detailed in Chapter 4. However, when comparing the operations of MBRs with 
different membrane materials, the ZP value of the activated sludge could indicate the 
relative rate of membrane fouling. In MBRs operated at critical flux conditions, it was 
found that the ZP of biomass from MBRPES-crit-20d was more negative than that in 
MBRPO-crit-20d. This indicated that MBRPES-crit-20d should foul more slowly than MBRPO-
crit-20d, which was observed through the experimental study. The same trend was 
observed in MBRPO-super-20d and MBRPES-super-20d. Therefore, while the ZP values could 
not be used to indicate fouling propensity between reactors of different flux conditions, 
the values could suggest the rate of membrane fouling between MBRs of different 
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materials (with marginally different ZP) but of similar operating conditions. However, 
as with such anecdotal trends, more robust characterisation is necessary. The use of 
other physico-chemical parameters is needed to explain membrane fouling to a greater 
extent. 
 
Table 6.2 Average RH and sludge zeta potential values. 
MBR Relative Hydrophobicity (%) Zeta Potential (mV) 
PO-sub-20d 91.01 ± 3.87 -17.67 ± 0.99 
PES-sub-20d 91.24 ± 3.76 -20.78 ± 1.02 
PO-crit-20d 91.72 ± 12.37 -18.14 ± 0.76 
PES-crit-20d 93.57 ± 4.23 -22.37 ± 1.28 
PO-super-20d 94.23 ± 11.54 -22.23 ± 1.35 
PES-super-20d 94.06 ± 3.49 -17.59 ± 0.76 
 
6.2.1.3 Effect of Soluble Microbial Products (SMP) and Extracellular Polymeric 
Substances (EPS) Concentrations on Membrane Fouling 
The average protein and carbohydrate concentrations of the six MBRs are shown in 
Tables 6.3 and 6.4, respectively. Protein and carbohydrate concentrations were 
quantified from the permeate (PMTP, PMTC), SMP (SMPP, SMPC) and EPS (EPSP, 
EPSC). Due to the characteristics of the synthetic wastewater used, the presence and 
detection of proteins and carbohydrates in the mixed liquor could be attributed mainly 
to microbial processes in the MBRs. Differences in the concentrations based on 
variations in flux conditions were discussed in detail in Chapter 4, and will not be 
discussed further since the same explanations may be used for MBRs operated with 
PES as the membrane material.  
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Based on the results of the Student’ t-test, there was insufficient evidence to indicate 
that the mean protein and carbohydrate concentrations of MBRs at the same operating 
conditions, regardless of the membrane material used, were different. This was not 
unexpected, despite the minor differences for ZP values, since biomass characteristics 
are generally determined by the operating conditions and not the membrane material 
used. Therefore, differences in membrane fouling propensity and rates based on 
membrane materials could not be identified from these parameters. As such, the 
differences in fouling mechanisms of PO and PES membranes could not be 
understood. This is significant as comparison of membrane fouling between different 
membrane materials cannot be conducted based purely on physico-chemical 
parameters only. Differences in the mechanism would be best described by 
characterisation of the foulants on membrane surfaces instead. 
 
Table 6.3 Average protein concentrations. 
 
Table 6.4 Average carbohydrate concentrations. 
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6.2.1.4 Molecular Weight (MW) Distribution Profiles 
The molecular weight (MW) profiles of the mixed liquor supernatant (SMP) and 
permeate of the MBRs with PES and PO membranes are presented in Figures 6.3 and 
4.7, respectively. Trends of the MW profiles between the permeates and SMP of each 
MBR were found to be identical in all six MBRs. The MW profiles of all samples were 
between 500 and 2500 Da, and was consistent with results reported by other 
researchers that biologically treated sewage effluent consisted mainly of small MW 
compounds (Imai et al., 2002; Shon et al., 2004). The MW distributions of the 
permeates were similar to the MW distributions of the SMP samples. These little 
differences indicated that organic rejection was therefore due to the fouling layer on 
the membrane surfaces. When comparing the differences in MW distributions of the 
SMP samples (Figure 6.4), it was observed that there were insignificant variations in 
the distributions other than the concentrations of the compounds. As such, size 
exclusion was not affected by differences in the membrane material as well. Such 
results further reinforced the conclusion reached based on previous results. Membrane 
fouling and its mechanisms cannot be satisfactorily characterised and described based 
on physico-chemical parameters, which are widely adopted in many research studies. 
This study showed that while membrane fouling differed significantly between MBRs 
of different material but operated at identical conditions, physico-chemical parameters 
of the MBRs were highly similar and could not explain the differences in membrane 
fouling caused by the membrane materials. Physico-chemical characterisation in 
relation to the membrane fouling mechanism may be used only in cases where 
operating conditions are different, as biomass characteristics and thereby the physico-
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Figure 6.3 Molecular weight profiles of supernatant and permeate in MBRs with PES membranes, 
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Figure 6.4 Molecular weight profiles of supernatant in MBRs with (a) PO membranes, (b) PES 
membranes. 
 
6.2.1.5 Excitation-and-Emission Matrices (EEM) 
Since physico-chemical characterisation was unable to aid in the determination of 
differences in membrane fouling caused by different membrane materials, the use of 
excitation-and emission matrices (EEM) analyses could aid in the understanding of the 
mechanisms, since this technique considers the characteristics of the organic and 
microbial by-products in the systems (Kimura et al., 2009). Figure 6.5 shows the EEM 
fluorescence spectra obtained from the permeate, SMP and EPS samples from MBRs 
(b) 
(a) 
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operated with PES membranes. While the shapes and spread of the EEM profiles of 
samples from MBRs with PES membranes were marginally different from those of 
MBRs with PO membranes (Figure 4.8), the main peaks observed were almost 
identical when operated under identical conditions. In all MBRs, differences in the 
compounds detected in the permeate, compared to the SMP and EPS samples from 
each MBR showed that the membrane served as a barrier for some of the compounds 
present in the mixed liquor regardless of the material. The lack of protein-like 
microbial by-products in the permeate samples, compared to the SMP and EPS 
samples, as indicated by the peak at Ex/Em = 270 nm/370–375 nm, indicated that these 
substances were removed by the membrane. Therefore, protein microbial by-products 
contributed to membrane fouling. It was however, not possible, to determine which 
membrane material served as a more effective barrier for such compounds as EEM 
analyses are non-quantitative. Other techniques, such as confocal laser scanning 
microscopy (CLSM) as shown in Chapter 4 could elucidate the relationship between 
foulants and membrane material more clearly. 
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Figure 6.5 EEM profiles of permeate, SMP and EPS for MBRs operated with PES membranes. 
 
6.2.2 Micro-Structural Characterisation of Fouling Layer  
From the previous results, it was observed that physico-chemical parameters were 
unable to describe changes in membrane fouling mechanisms of MBRs with different 
membrane materials, but operated at identical physical conditions. Membrane fouling 
may, in such situations, be best assessed through the use of CLSM to image foulants 
directly on membrane surfaces. As with Chapter 5, two micro-structural parameters 
will be presented. Bio-volume (BV) and porosity (P) were used to describe the fouling 
layer on the membrane surface, and in relation to the state of membrane fouling and its 
mechanism. 
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All data presented in this study were first found to follow a normal distribution using 
MINITABTM Release 14, using the Anderson-Darling test for normality. As such, 
other statistical analyses could be conducted using Student’s t-test.  
 
6.2.2.1 Bio-Volume (BV) of Foulants 
Figure 6.6 shows the temporal variation in bio-volume of cells (BVcells) on the 
membrane surfaces of the various MBRs. As was expected and observed in all MBRs, 
BVcells values increased with time. With the accumulation of foulants on membrane 
surfaces as the MBRs were operated for longer periods of time, it was natural that the 
BV of foulants detected was higher, assuming that there were no major events of 
sloughing of the biofilm or fouling layer from the membrane surfaces. There also 
appeared to be a distinct relationship between TMP and BVcells as evident from Figure 
6.6. It appeared that there was a rise in the TMP with an increase in BV. However, the 
increases were not proportional, indicating the lack of a linear relationship. This was 
inevitable as membrane fouling and therefore TMP were affected by many other 
parameters and by other foulants as well.  
 
For MBRs operated at super-critical flux conditions (Figures 6.6a and 6.6d), it was 
observed that the average BVcells values of the MBRs at the end of the runs could not 
be considered significantly different at 95% confidence interval, as were with the TMP 
values. This suggested that the fouling layers of both MBRs could have reached the 
maximum achievable BV based on the operating conditions they were subjected. 
However, the initial rate of increase in BVcells values was much higher in MBRPES-super-
20d than in MBRPO-super-20d. At all sampling times, the BVcells values obtained for 
MBRPES-super-20d were significantly higher at 95% confidence interval. This was true 
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even at the first hour of operations of both MBRs, and indicated that, at super-critical 
flux operations, PES membranes were more susceptible to biofouling, with attachment 
of cells on its surface occurring more strongly than that observed with PO membranes. 
 
Observations of MBRs operated at critical flux conditions (Figures 6.6b and 6.6e) were 
dissimilar. While at the end of the operating runs, the average BVcells values of both 
MBRs could not be considered significantly different at 95% confidence interval, there 
were significant differences when considering them at similar time intervals. At the 1st 
and 6th h of operation, more cells were found on the membrane surface of MBRPES-crit-
20d, with higher TMP. This trend was reversed at the 1st d of operation, although TMP 
was still higher in MBRPES-crit-20d. Thereafter, BVcells detected on PO membranes 
increased rapidly, with the TMP of MBRPO-crit-20d reaching the cut-off value after 3 d. 
The increase in the amount of cells on PES membrane surfaces was significantly 
slower, and MBRPES-crit-20d was shut down only after 7 d of operation. This suggested 
that fouling mechanisms in these two MBRs were different. Since membrane fouling is 
not affected by cells only, a better understanding on the differences in membrane 
fouling of the two MBRs would, therefore, require the analyses of other foulants. 
 
Figures 6.6c and 6.6f show the temporal variations in BVcells of MBRPO-sub-20d and 
MBRPES-sub-20d, respectively. While no cells were detected on PO membranes after the 
1st h of operation, a significantly higher amount was observed on PES membranes. 
Cells were detected at the 6th h of operation in MBRPO-sub-20d, and the BVcells was 
greater than that in MBRPES-sub-20d. Increases in MBRPES-sub-20d, thereafter, were 
statistically insignificant until Day 14, when the BV started to increase more rapidly. 
However, it was only after the 28th d of operation did BVcells in MBRPES-sub-20d become 
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greater than that found on membranes in MBRPO-sub-20d. Evidently, membrane fouling 
mechanism in MBRPES-sub-20d was distinctly different from MBRPO-sub-20d and from 
MBRPES-super-20d and MBRPES-crit-20d.  
 
Figure 6.6f also shows that the variation in BVcells of MBRPES-sub-20d was very closely 
related to the change in TMP, more so than MBRPES-super-20d and MBRPES-crit-20d. The 
increases in TMP seem to follow rather proportionally to the increases in BVcells in the 
former. On the other hand, while TMP generally increased with BV in the other 
MBRs, the relationship between these two values were less linear and proportional. 
This again hinted that membrane fouling mechanism in MBRPES-sub-20d was different 
from the other MBRs. While increase in BVcells was relatively proportional to the 
increase in TMP in MBRPES-sub-20d, it was not possible to conclude that cells or the 
amount of cells were the most important fouling parameter that contributed to the rise 
in TMP, and that they were more important to membrane fouling in this MBR 
compared to the rest. A comprehensive analysis of more micro-structural parameters 
and of more fouling constituents is required before any conclusion on the fouling 
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Figure 6.6 Temporal variations in bio-volume of cells. (a) MBRPO-super-20d; (b) MBRPO-crit-20d; (c) MBRPO-
sub-20d; (d) MBRPES-super-20d; (e) MBRPES-crit-20d; (f) MBRPES-sub-20d. 
 
What is clear, thus far, is that PES membranes were more susceptible to the attachment 
of cells than PO membranes, especially in the initial stages of operation. This was 
highly surprising as hydrophilic membranes were reported to be less susceptible to 
biofouling than more hydrophobic membranes (Tansel et al., 2006). Yet, in this study 
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more susceptible to biofouling. One possible reason could be because operating 
conditions in other studies focused only on sub-critical flux operations. Thus when 
comparing only MBRs operated at such conditions, the results were in good agreement 
with the reported literature. It was only at the later stages that membrane fouling 
became more severe in PES membranes than in PO membranes, and this could be 
attributed to other factors as differences in the membrane materials were more 
significant on virgin membrane surfaces. After conditioning of the membrane surfaces, 
fouling development could subsequently develop due to the conditioning layer, which 
developed due to the membrane material. Therefore, while the membrane material 
mainly affected conditioning fouling, it would indirectly affect subsequent membrane 
fouling based on the conditioning layer on the membrane surfaces. Other foulants, 
such as proteins and polysaccharides would then have to be considered concurrently in 
order to understand the differences in membrane fouling development.  
 
Figure 6.7 shows the temporal development in BV of lipids (BVlipids) of the six MBRs. 
Similar to BVcells, BVlipids generally increased with time in all MBRs. This again could 
be attributed to the gradual build up of foulants on membrane surfaces. However, in 
comparison to the amount of cells detected on the membrane surfaces, the absolute 
amount of lipids detected was minimal. Of the four fouling constituents targeted, lipids 
were found to contribute the least, by volume, to the fouling layer. This raises the 
question on whether lipids contribute significantly to membrane fouling. Based on the 
BV results, it would be easy to conclude the contrary, but previous experiences 
(Chapter 4) have shown that other micro-structural parameters such as the porosity 
have to be considered as well before any conclusion could be reached. 
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In comparison of the MBRs operated at super-critical flux conditions (Figures 6.7a and 
6.7d), it was found that an identical trend observed in BVcells of the same MBRs was 
observed in BVlipids.  The average BVlipids values of both MBRs at the end of the 
experimental runs, with similar TMP values, could not be considered significantly 
different at 95% confidence interval. The initial rate of increase in BVlipids in MBRPES-
super-20d was greater than MBRPO-super-20d. And at all sampling times, the BVlipids in the 
former MBR were found to be higher than that in the latter. These results again 
indicated that PES membranes were more susceptible to bio-organic fouling by lipids, 
and that the amount of lipids on the membrane surfaces affected the rise in TMP. 
 
A similar trend was observed in MBRs operated at critical flux conditions (Figures 
6.7b and 6.7e). Similarly, the initial rate of attachment of lipids was found to be 
significantly greater on PES membranes than on PO membranes, with the average 
BVlipids values higher in MBRPES-crit-20d than in MBRPO-crit-20d until the Day 3 of 
operations. There was a huge jump in amount of lipids between Days 1 and 3 in 
MBRPO-crit-20d, with a corresponding jump in TMP. On the other hand, the lipids 
content found on PES membranes increased gradually until Day 7 when the MBR was 
shut down. At face value, it seemed possible that the amount of lipids affected TMP 
very significantly at critical flux conditions and less so at super-critical flux conditions. 
It could be attributed to the differences in fouling mechanisms and in the different 
states of biomass growth. At super-critical flux conditions, the F/M ratio in the MBRs 
was found to be higher than that in MBRs at critical flux conditions. Due to the 
differences in these operating conditions, biomass or cells would have been in very 
different physiological conditions. It could be possible that under critical flux 
conditions, the biomass was under a more severe stress condition and excreted more 
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lipids. The presence of lipids in close relation to the polysaccharides in CLSM images 
also indicated that these lipids could possibly be of glycolipids origin, and excreted 
during cell stress (Kjellberg et al., 2007).  However, it would be presumptuous to 
conclude that lipids contributed more significantly to membrane fouling than cells. 
 
Figures 6.7c and 6.7f show the development in BVlipids of MBRs operated at sub-
critical flux conditions. Initial attachment of lipids on PES membranes was 
significantly higher than that of PO membranes. Generally, it was observed that there 
was a marginal preferential attachment of lipids to PES membrane surfaces. The rise in 
TMP, however, was less proportional to the increase in BVlipids values than it was for 
BVcells. This could imply that the contribution of lipids towards membrane fouling was 
less than that of cells in sub-critical flux conditions, as was proven for MBRs operated 
with PO membranes in Chapter 4. Differences in membrane fouling mechanisms 
between MBRs with PES membranes and MBRs with PO membranes would be 
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Figure 6.7 Temporal variations in bio-volume of lipids. (a) MBRPO-super-20d; (b) MBRPO-crit-20d; (c) 
MBRPO-sub-20d; (d) MBRPES-super-20d; (e) MBRPES-crit-20d; (f) MBRPES-sub-20d. 
 
Figure 6.8 shows the temporal variation in protein BV (BVproteins) of the six MBRs. It 
was found that PES membranes were more susceptible to protein fouling than PO 
membranes. For generally all sampling times, and in all MBRs, regardless of the flux 
conditions, BVproteins detected from PES membranes were greater than that detected 





Chapter 6 Membrane Materials 
Membrane Fouling Characterisation in Aerobic Submerged Membrane Bioreactors  Page | 166 
capabilities (GE Osmonics) and thus the results obtained in this study was surprising. 
It is believed that while PES membranes were capable of rejecting proteins from the 
filtrate (permeate), as was reported in Section 6.2.1.3, it was due to the rejection that 
allowed more proteins to adhere onto the membrane surface. Table 6.3 shows that PES 
membranes were more capable in rejecting proteins from mixed liquor, with rejection 
being as high as 70%, while the efficacies of protein rejection by PO membranes were 
lower. With a higher rejection more proteins would be concentrated near the 
membrane surface within the concentration polarisation layer, and coupled with 
constant suction pressure, protein molecules consolidated near the membrane surface 
and would be able to adhere more effectively onto PES membrane surfaces, even 
though its protein binding susceptibility was supposed to be lower than PO 
membranes.   
 
Figure 6.9 shows the temporal variations in polysaccharide BV (BVpolysaccharides) of the 
six MBRs. Initial attachment of polysaccharides onto PES membranes was 
significantly greater than that onto PO membranes at all flux conditions as evident 
from the 1st h data obtained. PES membranes were more hydrophilic than PO 
membranes. As such, it was inevitable that hydrophilic or neutral compounds, such as 
polysaccharides, adhere more readily onto PES membrane surfaces (Zator et al., 
2007). Yet, subsequent development of polysaccharides in the fouling layer on PES 
membranes was much slower. This could be due to the vast differences in the 
conditioning layer, induced by differences in the material. The conditioning layer was 
dominated by protein molecules on PO membranes, while the conditioning layer was 
composed of all four targeted constituents on PES membranes. These differences in 
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the conditioning layers ultimately led to a divergence in fouling mechanisms observed 






Figure 6.8 Temporal variations in bio-volume of proteins. (a) MBRPO-super-20d; (b) MBRPO-crit-20d; (c) 
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Figure 6.9 Temporal variations in bio-volume of polysaccharides. (a) MBRPO-super-20d; (b) MBRPO-crit-20d; 
(c) MBRPO-sub-20d; (d) MBRPES-super-20d; (e) MBRPES-crit-20d; (f) MBRPES-sub-20d. 
 
The conditioning layer on PES membranes was significantly dominated by 
polysaccharide molecules. Compared to the next dominant foulant, at the first hour of 
operation, the BVpolysaccharides was found to be approximately 40% more than BVproteins. 
Moreover, since protein coverage on PES surfaces during initial fouling was spotty, 
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polysaccharides were the conditioning foulant on PES membranes, unlike on PO 
membranes as shown in Chapter 4. However, the ratio between BVpolysaccharides and 
BVproteins decreased significantly thereafter. Differences in the dominant foulant during 
initial or conditioning fouling between the membranes may be attributed solely to the 
materials. Zeta potentials of virgin membranes show that PES membranes were more 
negatively charged than PO membranes as a result of surface pre-treatment. This 
resulted in a repulsion effect between some negatively charged protein molecules 
leading to a lower attachment. Yet, after initial fouling, the effect of membrane surface 
characteristics was negated. Therefore, the material characteristics were found only to 
affect conditioning fouling.  
 
Increases in TMP were observed increase with the BV of all foulants, but followed 
more closely to increases in both BVproteins and BVpolysaccharides. An increase in the BV 
implied that more foulants were found attached onto the membrane surface. Such 
layers provided added barrier against smooth flow of water through membrane pores. 
These results showed that initial fouling was more severe on PES membranes with a 
greater variety of foulants and BV than PO membranes. Thus, subsequent fouling 
development was enhanced by the complex conditioning layer and the MBRs 
generally reached the cut-off TMP values earlier than MBRs with PO membranes. 
Alternatively, an increase in BV without changes in the thickness or spread of the 
fouling layer would lead to a decrease in porosity, and thus an increase in TMP. Since 
all images were captured over the same surface area, it was reasonable to assume that 
foulants with greater BV on the membrane would contribute more significantly to 
membrane fouling. That implied that impacts of proteins and polysaccharides were 
greater than the other two fouling constituents. However, due to the differences of 
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membrane fouling mechanisms, other parameters would have to be considered in order 
to obtain a clearer understanding of fouling development in the MBRs. 
 
6.2.2.2 Porosity (P) of Foulants 
Porosity was shown to be a good parameter for the characterisation of membrane 
fouling since it had a direct impact on TMP experienced in the MBRs. Figures 6.10 to 
6.13 show the temporal variations in porosities of the different fouling constituents 
targeted in the six MBRs. In all MBRs, regardless of the membrane material used or 
flux conditions, there was a general decrease in P over time as the MBRs were 
operated. This corresponded to the BV values on the membrane surfaces, and implied 
that P values were affected by the amount of foulants on the surface. For example, if 
given a specific volume of space, the more foulants found in that volume would 
decrease the voids, and thereby the P value as well. However, while the thicknesses of 
the fouling layers varied but the surface areas of the images captured were consistent, 
the ratio of decrease in P with respect to the increase in BV was not consistent. 
 
Variations in the trends of the four constituents targeted showed the differences in 
fouling mechanism and the importance of each foulant on membrane fouling. For 
MBRs operated at super-critical flux conditions, the P values of cells in the fouling 
layers were consistently lower from PES membranes than from PO membranes. This 
showed that the coverage of cells on the membrane surface, and the density of cells on 
the fouling layer were higher on PES membranes. This was true for the lipids, proteins, 
and polysaccharide constituents as well. When coupled with BV results, they 
suggested that the fouling mechanisms were similar in both MBRs, with PES 
membranes being more susceptible to fouling by cells and the other organic foulants. 
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A similar conclusion could be reached from MBRs operated at sub-critical flux 
conditions. Apart from the lipid fraction, in which the P values were generally lower 
on PES membranes, the other three constituents showed higher P values on PES 
membranes than on PO membranes until Day 49 of the operations. Thereafter, the P 
values of the three foulants decreased rapidly with an increase in TMP as well. Again, 
the results show that the lipid fraction contributed least to membrane fouling. 
However, the most important foulant could not be identified. The trend was different 
for MBRs operated at critical flux conditions. P values for cells and proteins were 
generally lower on PES membrane surfaces than on PO membrane surfaces. However, 
this difference was not significant at 95% confidence interval. This implied that the P 
values of each foulant, at the same sampling time interval, were similar. The lipid 
fraction on PES membranes was found to be of lower P values than that obtained from 
PO membranes, while the converse was true for the polysaccharide fraction. The TMP 
in MBRPES-crit-20d was generally lower than MBRPO-crit-20d and the former fouled more 
slowly; the lower porosity values in MBRPES-crit-20d implied that the lipid fraction did 
not affect TMP as significantly as the other components. 
 
At the end of the experimental runs, it was found that the protein fraction had the 
lowest P value in all MBRs except MBRPES-sub-20d, in which the polysaccharide fraction 
was found to be of the lowest porosity. As explained in Chapter 4, the protein fraction 
affected the rise in TMP and thus membrane fouling more adversely than other fouling 
constituents. This corresponded to the low P values in the protein fraction of MBRs 
with PO membranes. Similarly, the protein fractions in MBRPES-super-20d and MBRPES-
crit-20d were found to have the lowest porosities amongst the four targeted constituents 
at the end of the experimental runs, while it was of the second lowest porosity in 
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MBRPES-sub-20d. This indicated that the protein fraction could also contribute 
significantly to membrane fouling in PES membranes during MBR operations. This 






Figure 6.10 Temporal variations in porosity of cells. (a) MBRPO-super-20d; (b) MBRPO-crit-20d; (c) MBRPO-sub-
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Figure 6.11 Temporal variations in porosity of lipids. (a) MBRPO-super-20d; (b) MBRPO-crit-20d; (c) MBRPO-
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Figure 6.12 Temporal variations in porosity of proteins. (a) MBRPO-super-20d; (b) MBRPO-crit-20d; (c) 
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Figure 6.13 Temporal variations in porosity of polysaccharides. (a) MBRPO-super-20d; (b) MBRPO-crit-20d; (c) 
MBRPO-sub-20d; (d) MBRPES-super-20d; (e) MBRPES-crit-20d; (f) MBRPES-sub-20d. 
 
6.3 Effect of Foulants and Fouling Parameters on Membrane 
Fouling  
It was shown in Chapter 4 that there was a strong correlation between a porosity 
function (1/P3 – 1/P2) of the four targeted fouling constituents and TMP for PO 
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MBR operations. In short term membrane fouling of MBRs operated with PO 
membranes, the linear relationships of the four foulants between the porosity function 
and TMP were strongly correlated. Based on the gradient of the slopes, the importance 
of each foulant towards membrane fouling were, in descending importance, proteins, 
polysaccharides, cells, and lipids (Figure 6.14a). Similarly, linear relationships were 
also observed for all foulants in MBRs operated with PES membranes (Figure 6.14c). 
In order of decreasing importance, the foulants were proteins, cells, polysaccharides, 
and lipids. However, the gradient of the slopes were gentler than those of PO 
membranes. As such, these four organic and bio-organic foulants, individually, did not 
affect the rise in TMP of PES membranes as much as they would in PO membranes. 
Also, the coefficients of determination (R2), which measure how well future outcomes 
are predicted by the relationship (correlation), for most foulants, were found to be 
lower in results obtained from PES membranes. For example, the R2 value for 
polysaccharides in PO membranes was 97.93%, but corresponded to 94.69% in PES 
membranes. Such results indicated that, in general, the relationship between the 
porosities of the organic foulants and TMP was stronger in MBRs operated with PO 
membranes. 
 
In long term membrane fouling of MBRs operated with PO membranes, the 
relationships between the porosity functions of the foulants and TMP were found to 
remain strongly linear (Figure 6.14c). However, R2 values of all foulants, with the 
exception of proteins, were lower than that obtained for short term membrane fouling. 
Regardless of the drop in R2 values, the linear correlations remained highly significant. 
As with short term membrane fouling, the most important foulants in descending order 
were proteins, polysaccharides, cells, and lipids. On the other hand, no linear 
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correlations were obtained for long term membrane fouling of MBRs operated with 
PES membranes (Figure 6.14d).  
 
The decrease in R2 values indicated that the foulants observed did not follow the 
developed relationship between the porosity function and TMP. Therefore, there were 
other suspected foulants not detected on the membrane surfaces, and within the pores 
that affected membrane fouling. One possibility could be fouling caused by humic 
substances present in the supernatant of the mixed liquor. But specific ultraviolent 
absorption (SUVA) of the supernatant detected negligible amounts of humic 
substances. Moreover, EEM analyses on the supernatants and permeates showed that 
humic substances did not contribute to the fouling of PO and PES membranes. Another 
possible reason could be fouling caused by inorganic substances that could not be 
imaged due to the technique used in the study. Cleaning the membranes at the end of 
experimental runs showed that inorganic fouling was present as the recoveries could 
not achieve 100%. The decrease or absence of R2 values would therefore indicate that 
inorganic fouling became more dominant. 
 
Therefore, as indicated by the lower or absence of R2 values in the relationships of the 
organic foulants and TMP on PES membranes, it suggested that the importance of 
organic and bio-organic membrane fouling on such membranes diminished compared 
to PO membranes. And inorganic fouling increased in dominance on PES membranes. 
However, the lack of physico-chemical evidence, as differences in cation 
concentrations in the supernatants and permeates were insignificant, rendered such the 
results somewhat inconclusive. It was believed that the slow accumulation of inorganic 
substances could not be detected by the minor and insignificant differences in cation 
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concentrations by ion-chromatography, in which the concentrations were obtained at 
any given sampling time. Since the differences were statistically insignificant, it was 
generally assumed that inorganic fouling was less important than organic and bio-
organic fouling. As such, characterising continuous membrane fouling with point 
sampling was thought to be insufficient. Recoveries of the membrane after chemical 
cleaning indicated the severity of inorganic fouling on PES membranes compared to 
PO membranes. The recoveries of MBRPO-sub-20d, MBRPO-crit-20d and MBRPO-super-20d 
were 95, 97, and 98%, respectively. This contrasted with recoveries of 90, 92, and 94% 
for MBPES-sub-20d, MBRPES-crit-20d, and MBRPES-super-20d, respectively. Such results 
coupled with micro-structural parameters showed that PES membranes were affected 







Figure 6.14 Relationship between porosity function and TMP. (a) Short term fouling of PO membranes; 
(b) Long term fouling of PO membranes; (c) Short term fouling of PES membranes; (d) Long term 
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While PES membranes were affected more significantly by inorganic fouling than PO 
membranes, they were also affected by organic and bio-organic fouling. The use of 
multi-level factorial analyses of the micro-structural parameters was able to determine 
the organic fouling mechanisms in MBRs operated with PES membranes. Figure 6.15 
shows the effect of micro-structural parameters of the six MBRs. From analyses 
conducted earlier and presented in Chapter 4, the importance of volumetric foulant 
attachment on PO membrane surfaces diminished as flux increased. The fouling 
mechanism shifted from one that was biofilm initiated in sub-critical flux conditions, 
to one that was non-biofilm initiated bio-organic membrane fouling at higher flux 
conditions.  
 
Organic fouling mechanisms of MBRs operated with PES membranes were dissimilar 
from PO membranes. The overall BV effect in MBRPO-sub-20d was approximately 60% 
of the total impact on TMP. This value decreased to 55% and 58% for MBRPO-crit-20d 
and MBRPO-super-20d, respectively. This contrasted with overall BV effects of 25, 24, 
and 47% for MBRPES-sub-20d, MBRPES-crit-20d, and MBRPES-super-20d, respectively. Clearly, 
at all levels of flux operations, bio-volumetric effect of the foulants decreased in PES. 
This indicated that the attachment of foulants on PES membranes were less important 
than the decrease in porosity that resulted from the attachment and also indicated that 
PES membranes were affected by biofilm initiated fouling to a much lesser extent than 
PO membranes. This corresponded to the manufacturer's claim that the PES membrane 
used in this study was resistant to biofilm formation on its surface (GE Osmonics). 
However, as results have shown, biofilm or biofouling resistant membranes may not be 
best for MBR operation as a strategy to minimise or control membrane fouling as other 
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fouling mechanisms, such as bio-organic and inorganic fouling, may override the 
beneficial effects.  
 
The total effect of bacteria on membrane fouling in MBRPO-sub-20d was found to be 
48%, which was the most dominant foulant. On the other hand, the effect of bacteria 
on MBRPES-sub-20d was only 5%, and the most dominant foulant was polysaccharides, 
which contributed 50% of the overall effect of organic foulants on TMP rise. This was 
again in agreement with the manufacturer's claim that their PES membranes were 
resistant to both biofouling and protein fouling (GE Osmonics). In spite of the material 
advantages over PO membranes, MBRPES-sub-20d exhibited greater membrane fouling 
than MBRPO-sub-20d. In the remaining four MBRs, the effects of all four organic foulants 
on membrane fouling were relatively equal. This implied that none of the foulants was 
more important than the other in adhering to the membrane surfaces regardless of 
material. These results showed that PES membranes under critical and super-critical 
flux operations were subjected to similar fouling mechanisms, despite the difference in 
the importance of bio-volumetric fouling. Results from this study showed that fouling 
mechanisms converged at higher fluxes regardless of the membrane material used for 
MBR operations, and differences in membrane material were more significant at low 
or sub-critical flux conditions. As such, strategies to control membrane fouling at 
higher flux conditions may be applied without regard to the membrane material used, 
while control strategies have to be distinct for each membrane material in MBRs 
operated at sub-critical flux conditions. It is, thus, advantageous for MBRs to be 
operated at increasingly higher flux conditions, since (1) permeate quality, in terms of 
COD concentration, does not suffer, (2) wastewater may be treated more quickly, (3) 
lesser membrane modules, with lesser surface areas, are needed, on the provision that 
Chapter 6 Membrane Materials 
Membrane Fouling Characterisation in Aerobic Submerged Membrane Bioreactors  Page | 181 
appropriate membrane fouling control strategies are developed for MBRs operations at 
high flux conditions based on the increased MLSS, SMP, and EPS concentrations.  
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6.4  Summary 
1) Differences in membrane fouling of various membrane materials could not be 
determined by purely physico-chemical parameters when MBR operating 
conditions were identical. Identification of foulants on the membrane surfaces 
was essential in understanding the fouling mechanisms of different materials. 
2)  PES membranes were affected more significantly by inorganic fouling than 
PO membranes. 
3) Linear relationships between the porosity function of the organic foulants and 
TMP existed only during initial MBR operations, and only for PO membranes 
for long term operations. Inorganic fouling caused the linearity to diminish.  
4) Innate membrane characteristics were important in reducing membrane fouling 
only during the initial stages of MBR operations, and for MBR operations at 
sub-critical flux conditions. Anti-biofouling membranes may not be the best 
material for MBR operations as other fouling mechanisms may override the 
beneficial effects. 
5) Membrane fouling mechanisms differed for PO and PES membranes at sub-
critical flux conditions but converged at higher operating fluxes. PES 
membranes were less affected by biofilm initiated membrane fouling than PO 
membranes. Non-biofilm initiated, bio-organic membrane fouling dominated at 
higher flux conditions regardless of the membrane material. Fouling control 
strategies would, therefore, have to differ for sub-critical flux operations 
depending on the membrane material used, but may be similar at high 
operating fluxes. 
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ECOLOGICAL AND RAPID CHARACTERISATION OF 
MEMBRANE FOULING IN MBRs 
 
7.1 Introduction 
Conventional methods to characterise membrane fouling, or membrane fouling 
propensity are typically based on physico-chemical methods. Dubois method (Dubois, 
1956) for quantifying carbohydrates and Lowry’s method (Lowry et al., 1951; Frølund 
et al., 1995) for quantifying proteins are often used in many studies to determine 
fouling propensities of membrane bioreactor (MBR) systems. Both methods are based 
on the absorbance of the liquid sample at specific wavelengths. The mixed liquor 
suspended solids (MLSS) concentration (APHA, 2005) and transmembrane pressure 
(TMP) profiles of MBR systems are also being used to describe membrane fouling and 
its fouling propensity. One of the latest characterisation methods is the use of 
excitation-and-emission matrices (EEM) to distinguish differences between aqueous 
samples, especially in terms of their protein-like microbial by-products, humic and 
fulvic substances (Wang et al., 2009). As these methods only effectively characterise 
the physico-chemical characteristics of the mixed liquor but not the membrane surface, 
any conclusions on membrane fouling involved intelligent extrapolation of the results 
to explain the development of membrane fouling and the difference in fouling 
propensity between MBRs. 
 
To overcome limitations of most physico-chemical methods, microscopic imaging of 
the membrane surfaces and the foulants was used. Light microscope is used for 
observing sludge samples and the growth of biofilm on glass slides (Jackson et al., 
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2001). Fluorescent in-situ hybridisation (FISH) of activated sludge and biofilms using 
epifluorescent microscopes and confocal laser scanning microscopes (CLSM) for 
three-dimensional images are also commonly conducted on wastewater treatment 
systems (Amann and Ludwig, 2000; Wagner and Loy, 2002; Wilderer et al., 2002). 
The use of these or similar techniques on MBR systems have been limited (Zator et al., 
2007; Spettmann et al., 2008). Scanning electron microscopy (SEM) has also been 
used to image the biofilm and fouling layer developed on membrane surfaces (Ng et 
al., 2006). While each of the microscopy techniques has its advantages, all techniques 
allow only qualitative characterisation of the foulants on the membrane surface. 
However, quantitative characterisation could be made with appropriate software on 
CLSM images, as shown in the previous chapters. 
 
Microbiological characterisation of bacterial ecology in activated sludge of biological 
treatment systems has been actively pursued (Falk et al., 2009; Zhang et al., 2009), 
while the characterisation of biofilms or fouling layers on membrane surfaces in MBRs 
has only garnered interest in recent years (Ma et al., 2006, Piao et al., 2006).  The 
application of polymerase chain reaction (PCR) in combination with denaturing 
gradient gel electrophoresis (DGGE) or terminal restriction fragment length 
polymorphism (t-RFLP) has allowed new insights in microbiology of biological 
treatment systems and helped to improve the design and operation of the bioreactors 
(Sanz and Köchling, 2007). However, in MBR systems, wherein the filtration process 
eliminates sludge settling problems and large molecular weight compounds, and the 
long solids retention time (SRT) allows for the degradation of relatively recalcitrant 
compounds that cannot be effectively removed by conventional biological treatment 
systems, does the knowledge of the microbial ecology help? Similar to conventional 
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treatment systems, the identification of specific bacterium and its role in the 
degradation of specific recalcitrant compounds may aid in the development of better 
process controls in MBRs. Moreover, certain groups of bacteria may cause biofouling 
to occur in MBRs more adversely than others as postulated by Piao et al. (2006). 
Further verification is thus necessary. 
 
The aims of this part of the study were to characterise the microbial population in 
MBRs, by means of microscopic and molecular-based techniques, and relate them to 
the fouling propensity of MBR systems, and to determine if rapid testing methods to 
determine the state of fouling in MBRs were possible.  
 
7.2 Results and Discussions 
7.2.1 Light Microscopy 
Conventional light microscopy was used to observe the mixed liquor of all the MBRs. 
Figure 7.1 shows images of some of them that were used in this study. While 9 
combinations of membrane material, flux and SRT were conducted on the MBRs, 
namely MBRPO-sub-20d, MBRPO-crit-20d, MBRPO-super-20d, MBRPO-sub-10d, MBRPO-crit-10d, 
MBRPO-super-10d, MBRPES-sub-20d, MBRPES-crit-20d, MBRPES-super-20d, only 3 images are 
shown as there were no observable differences between the images of the activated 
sludges.  
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Figure 7.1 Images of activated sludge taken by light microscopy. (a) seed; (b) sub-critical flux; (c) 
critical flux; (d) super-critical flux. 
 
In all MBRs operated, regardless of the operating flux or SRT, short filaments were 
observed in the mixed liquor. This contrasted with the seed activated sludge (CAS) 
obtained from a conventional wastewater treatment plant. Longer filaments were 
observed in CAS with larger floc particles. While flocs were observed in all MBRs, 
they were significantly less dense, possibly a consequence of the shear forces 
experienced. Moreover, gunk around the flocs was seen to be less than those around 
CAS flocs. It was suspected that these gunk, due to the suction pressure, were easily 
adhered onto membrane surfaces and caused membrane fouling. CLSM imaging of the 




Chapter 7  Ecological and Rapid Characterisation 
Membrane Fouling Characterisation in Aerobic Submerged Membrane Bioreactors  Page | 187 
7.2.2 Scanning Electron Microscopy (SEM) 
SEM images of virgin membrane samples used in this study are shown in Figure 7.2. 
Both polyethersulfone (PES) and polyolefin (PO) membranes are made of polymeric 
material. As observed from the images, both membranes contain a range of pore sizes. 
As the manufacturing process overlays the fibres, such variations in pore sizes were 
not unexpected. However, nominal pore sizes of both membranes were reported to be 
0.45 µm and were seen to be tally with the SEM images. Thus, any differences in 
fouling mechanisms as presented in the previous chapters were not factors of the pore 
size, but of the operating conditions and the membrane materials. 
 
 
Figure 7.2 SEM images of new membranes. (a) polyethersulfone; (b) polyolefin. 
 
Figure 7.3 shows SEM images of the fouling layers in each MBR at the end of 
operations. Clearly, the fouling layers for MBRs that exhibited high TMP (> 40 kPa) 
were thick, flat, dense and relatively non-porous. This was evident from Figures 7.3b, 
c, d, e, f, h, and i, corresponding to membrane samples from MBRPO-crit-20d, MBRPO-
super-20d, MBRPO-sub-10d, MBRPO-crit-10d, MBRPO-super-10d, MBRPES-crit-20d, and MBRPES-super-
20d, respectively. On the other hand, the fouling layer on MBRPES-sub-20d, which 
exhibited a lower TMP (~ 30 kPa), was more porous and the membrane pores could be 
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visible in certain areas (Figure 7.3g). This meant that local areas of super-critical flux 
existed during its operation, and would exacerbate membrane fouling. Areas with 
exposed membrane pores would be subjected to higher flux, resulting in faster fouling. 
Given time, the fouling layer on MBRPES-sub-20d was expected to be similar to the 
others. Lastly, the fouling layer on MBRPO-sub-20d, which registered a maximum TMP 
of less than 20 kPa, was the least dense. In fact, the image taken resembled that of 
virgin PO membranes, in which large pores were visible. However, it was also 
observed that there were some cells and gunk on the membrane surfaces (Figure 7.3a). 
All samples showed that the fouling layer consisted of cells and other substances 
presumably of bio-organic origin, as was observed by Ng et al. (2007). This was an 
indication that biofouling and bio-organic fouling occurred on the membrane surfaces. 
This would be proven by CLSM images. 
 
Figure 7.4 shows SEM images of chemically cleaned PO and PES membranes. 
Efficacy of cleaning was found to be reproducible and consistent. As previously 
described in earlier chapters, an average of 95% flux recovery was achieved with 
chemical cleaning. Residual organic substances and particulates within membrane 
pores were visible after the chemical cleaning process, and were most likely the reason 
why 100% recovery was not achieved.  
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Figure 7.3 SEM images of membranes at the end of experimental runs. (a) MBRPO-sub-20d; (b) MBRPO-crit-
20d; (c) MBRPO-super-20d; (d) MBRPO-sub-10d; (e) MBRPO-crit-10d; (f) MBRPO-super-10d; (g) MBRPES-sub-20d; (h) 
MBRPES-crit-20d; (i) MBRPES-super-20d. 
 
 
Figure 7.4 SEM images of PES membranes after cleaning. (a) physical cleaning; (b) chemical cleaning 
with sodium hypochlorite. 
 
 
Chapter 7  Ecological and Rapid Characterisation 
Membrane Fouling Characterisation in Aerobic Submerged Membrane Bioreactors  Page | 190 
7.2.3 Confocal Laser Scanning Microscopy (CLSM) 
Presence of bacterial cells, and bio-organic substances were proven with CLSM 
imaging of the fouling layer (Figure 7.5). MBRPES-sub-20d was chosen as the reference 
model to be presented as it was the only MBR that developed to full membrane fouling 
with TMP > 30 kPa slowly, while the other MBRs fouled quickly or did not achieve a 
TMP greater than the specified cut-off value. However, all MBRs showed similar 
temporal fouling development with an elastic time scale. Figure 7.5a shows that 
bacteria (green) were widely present on the membrane, and after the first 7 d of 
operation, the cells had not developed into full colonies. Figure 7.5b shows that after 
21 d of operation, the bacterial cells (green) formed relatively large colonies with 
interconnected channels between the cells. Proteins (yellow) were also found to coexist 
or overlap on many regions. At the end of MBR operations, polysaccharides (violet) 
were found on the membrane surface together with cells and protein molecules. These 
evidences from CLSM supported SEM observations that biofilm and bio-organic 
fouling were the main causes of membrane fouling. Lipids (red) were in minute 




Figure 7.5 Temporal images of fouling layer development in MBRPES-sub-20d. (a) 7 d operation; (b) 21 d 
operation; (c) 70 d operation. 
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Microscopic analyses of the fouling layer corroborated with results obtained from 
physico-chemical analyses presented in earlier chapters. The higher rejection of 
carbohydrates between the soluble microbial products and the permeate as compared 
to the rejection of proteins, as evident from physico-chemical analyses, could mislead 
many into believing that carbohydrates were the major foulant in MBRs. However, 
based on the microscopic observations of the fouling layer, and on the quantified 
results based on the images, it was found that proteins were the dominant foulant on 
PO membranes, and the dominance was almost equally shared between proteins and 
polysaccharides on PES membranes.  Such conclusions could not have been made 
based purely on physico-chemical analyses, and was supported by findings published 
by Zhang and Bishop (2003), in which it was reported that biofilms can utilise 
carbohydrates faster than proteins. Therefore, more proteins were found on the 
membrane surface. Therefore, membrane fouling mechanism could only be supported 
by observations of the fouling layer.  
 
7.2.4 Ecological Characterisation of Microbial Community 
Biomass from activated sludge and fouling layer were analysed for their differences in 
microbial ecology by means of PCR followed by t-RFLP. In this study 16S rRNA gene 
was used to target the total bacterial community in each MBR based on the DNA 
templates extracted from the mixed liquor and biofilm samples. Comparison of the T-
RF profiles, obtained from MspI digestion of 16S rRNA genes amplified from 
extracted mixed liquor genomic DNA is presented in Figure 7.6. It can clearly be seen 
that microbial ecologies in MBRs operated at sub-critical flux under 10-d and 20-d 
SRT were distinct. Since the SRT was the only varying factor in the operations of the 
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MBRs, this shift in community could be attributed to it. The differences in SRT 
induced a selection pressure and this resulted in the difference in t-RFLP fingerprints 
and abundance distributions between the MBRs.  This was also evident through RsaI 




Figure 7.6 Comparison of the relative abundances of T-RFs of MBRs operated at sub-critical flux 
conditions, and at different SRTs of (a) 20 d and (b) 10 d, based on the MspI digestion of 16S rRNA 
genes amplified from mixed liquor DNA.  
 
Figure 7.7 shows the differences in microbial communities in the mixed liquor and 
fouling layer at various times of operation of MBRPO-sub-20d. While the t-RFLP 
fingerprints of the mixed liquor did not exhibit any significant changes over time, the 
fingerprints of the fouling layer were significant different from one another and from 
those of the mixed liquor. The lack of changes in the mixed liquor could be explained 
(a) 
(b) 
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by the consistency of the MBR operations, in which the flux, and influent 
characteristics remained constant throughout the acclimatisation and study periods. On 
the other hand, the differences between the mixed liquor and fouling layer indicated 
that the microbial ecologies from the two sources were different. All T-RF sizes in the 
fouling layer corresponded to some of the T-RFs in the mixed liquor. This implied that 
the source of bacteria found in the fouling layer was the mixed liquor. The absence of 
certain species of bacteria only indicated that not all the species present in the mixed 
liquor were found attached onto the membrane surface and that only certain species of 
bacteria preferentially adhered onto the membrane surface. Over time, the ecology 
within the fouling layer changed. The inclusion of more bacterial species was 
observed, with very significant dominance by one or two species. This process was 
similar to natural biofilm developmental process, in which primary biofilm formation 
was accomplished generally by motile gram negative bacteria, followed by secondary 
biofilm formation by other bacteria (Eighmy et al., 1983). Such trends were also 
observed in MBRPO-sub-10d, at 10-d SRT (Figure 7.10), albeit less significant. This 
showed that such fouling mechanism was unaffected by the SRT. Similarly, the 
differences in membrane materials did not affect the type of bacteria adhering on the 
membrane sufaces under sub-critical flux conditions. The t-RFLP fingerprints for PES 
membranes are not presented since the results for PES membranes were highly similar 
to those obtained from PO membranes at the 20-d SRT. This was supported by Falk et 
al. (2009), in which microbial ecologies of different MBRs converged so long as the 
operating conditions were identical. Such results were also consistent regardless of the 
endonucleases used for digestion of the PCR amplicons. Thus, the t-RFLP fingerprints 
presented in Figures 7.7 and 7.10  reinforced the conclusions reached in previous 
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chapters, where it was found that MBRs operated at sub-critical conditions were 
subjected to a biofilm initiated membrane fouling mechanism. 
 
Figures 7.8 and 7.11 show the microbial ecologies of MBRPO-crit-20d and MBRPO-crit-10d, 
respectively. Figures 7.9 and 7.12 show the microbial ecologies of MBRPO-super-20d and 
MBRPO-super-10d, respectively. Again, since the t-RFLP fingerprints for PES membranes 
were similar to those of PO membranes at 20-d SRT, the figures are not presented. t-
RFLP fingerprints of the mixed liquor and fouling layer at the same sampling time 
interval of each MBR were almost identical. Even the relative abundance of each T-RF 
in the fouling layer was close to that found in the mixed liquor. This implied that there 
were no specific bacterial species involved in the preferential attachement onto the 
memrbane surfaces as was seen in MBRs operated at sub-critical flux conditions. 
These results supported and further reinforced the conclusions reached in earlier 
chapters. MBRs under higher flux conditions underwent a non-biofilm initiated, bio-
organic membrane fouling mechanim. The higher suction pressure exerted on the 
membrane surface forcibly caused all bacterial species to adhere on the membrane 
surface, thereby bypassing a biofilm initiated process.  
 
Such results contradicted the conclusion reached by Ma et al. (2006), but were 
corroborated by Piao et al. (2006). A critical analysis of the DGGE images obtained by 
Ma et al. (2006) showed that while the bands were identical between the mixed liquor 
and fouling layer, indicating that all bacterial species were involved in membrane 
fouling, the intensity of the corresponding bands in each sample were different, 
suggested that the relative concentrations of each band were different. Therefore, the 
DGGE images hinted that relative abundances of the species in the fouling layer were 
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different from that in the mixed liquor. Since their MBRs were operated at sub-critical 
flux conditions, their results actually supported the findings achieved in this study. 
MBRs operated at sub-critical flux conditions were subjected to a biofilm initiated 
membrane fouling process, as certain groups of bateria adhered to the membrane 
surface first, followed by other bacterial species. Therefore, observations of the fouling 
layer developed after long term operations of such MBRs showed that the bactarial 
species were idential to the mixed liquor, but due to the fouling mechanism, the 
relative abundances were different. MBRs operated at higher flux conditions, however, 
were subjected to a non-biofilm initiated, bio-organic membrane fouling process. 
Thus, the bacterial species and relative abundance of each species in the fouling layer 
were similar to the mixed liquor. These t-RFLP results strongly supported findings of 
micro-structural characteristics discussed in earlier chapters.  
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Total bacterial community diversities of each MBR were compared using Shannon-
Weaver diversity index, H’, computed from data generated by t-RFLP analyses of the 
fingerprints. The diversity indices (H’), richness (S), and evenness (E’) of each sample 
are presented in Tables 7.1, 7.2, and 7.3 for MBRs operated with PO membranes and 
20-d SRT, PO membranes and 10-d SRT, and PES membranes and 20-d SRT, 
respectively. Species richness in the mixed liquor of all MBRs at any given SRT 
regardless of the flux or membrane material used was found to be approximately equal. 
However, when comparing MBRs of 10-d SRT and 20-d SRT, it was found that the 
richness in MBRs of the former operating condition was lower. Organic loading and 
food-to-mass ratio in MBRs operated at 20-d SRT were lower than those operated at 
10-d SRT. With the higher biomass content in MBRs of 20-d SRT, competition of the 
substrates became more intense. It was reported that resource competition at 
intermediate SRT would enhance species diversity (Saikaly and Oerther, 2004). 
Therefore, higher S values were obtained for MBRs operated at 20-d SRT, and this 
was consistent regardless of the operating flux and type of membrane material used. 
 
The S values of the fouling layers, on comparison to the S values of the mixed liquor 
in each MBR , proved that fouling mechanism in MBRs were as deduced in earlier 
sections. In MBRs operated at sub-critical flux conditions regardless of the SRT or 
type of membrane material used, the S values for the fouling layer were lower than that 
of the mixed liquor. This difference became less as the flux increased, finally reaching 
null in MBRs operated at super-critical flux conditions. This trend was supported by 
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the H’ values as well, and implied that microbial diversity on the fouling layer was 
lower that the mixed liquor in MBRs operated at sub-critical conditions, and the 
diversity was equal in both fouling layer and mixed liquor in MBRs operated at super-
critical flux conditions. These results show that only a sub-set of bacteria found in the 
mixed liquor of MBRs operated at sub-critical flux conditions were found adhered 
onto the membrane surface, while all, or almost all, types of bacteria were found under 
super-critical flux conditions. Since the E’ values show the distribution of abundance 
of the species detected, the results proved that under sub-critical flux conditions, the 
dominance of certain bacteria were found in the fouling layer, which was unlike that of 
the mixed liquor. On the other hand, under higher flux conditions, the E’ values in the 
mixed liquor and fouling layer samples were highly similar, showing little differences 
in the relative abundances of the bacterial species found in the mixed liquor and 
fouling layer of these systems. Such results were also evident from the T-RF 
fingerprints shown in Figures 7.7 to 7.12. These results further supported the 
hypothesis that fouling mechanism in MBRs altered with flux conditions. Under sub-
critical fluxes, membrane fouling was dominated by a biofilm initiated process, while 
at increasingly higher fluxes, the mechanism shifted to a non-biofilm initiated, but bio-
organic process, in which the convection of foulants towards the membrane surface 
overcame air scouring of the membrane and played a more dominant role in the 
fouling process. As such, control of membrane fouling by means of anti-biofilm 
biofouling membranes can only be suitable under the lowest sub-critical flux 
conditions. Moreover, as results have shown, after the initial conditioning of the 
membrane surface, such anti-biofilm biofouling properties were negligible. In fact, 
research had also shown that anti-biofilm biofouling membrane suffered from even 
greater membrane fouling than ordinary non-modified membranes (Pang et al., 2004).  
Chapter 7  Ecological and Rapid Characterisation 
Membrane Fouling Characterisation in Aerobic Submerged Membrane Bioreactors  Page | 204 
Thus, proper strategies to control membrane fouling at high fluxes have yet to be 
developed, and the strategies developed for controlling membrane fouling at sub-
critical flux conditions may not be applied successfully for the same purpose at higher 
fluxes due to the differences in membrane fouling mechanisms. 
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7.2.5 Rapid Characterisation of Membrane Fouling in MBRs 
7.2.5.1 Macroscopic Imaging of Membrane Surface 
It was hypothesised that macroscopic imaging of membrane surfaces may be useful for 
rapid monitoring the state of membrane fouling in an MBR. Based on the methods 
published by Milferstedt et al. (2006) for biofilm monitoring, a similar study was 
conducted on the membrane surfaces in operating MBRs. Image acquisition was 
conducted using a desktop scanner at a resolution of 4800 dpi, and ISA-2 (Beyenal et 
al., 2004b) was used for subsequent two-dimensional image analyses for porosity 
values.  
 
Figure 7.13 shows the relationship between a macro-scale porosity function (1/ε3 – 
1/ε2) and the TMP. It is interesting to note that a linear relationship existed between the 
porosity function and TMP for each phase of the study. Bearing in mind that the data 
points of each phase were collected from MBRs of varying flux conditions, the 
presence of this linearity implied that this relationship held true regardless of the 
operating flux and was affected directly by SRT, and indirectly by other parameters 
affected by the SRT. Thus, it was theoretically possible to estimate the possible TMP 
that an MBR would experience for each operating condition. As such, at the event that 
the pressure gauge in an MBR fails to register, a simple scanning procedure of the 
membrane surface by a desktop scanner would allow operators to estimate the state of 
membrane fouling.  
 
This method may be particularly useful for the determination of membrane fouling 
propensity of an operating condition or membrane material in an MBR. It was earlier 
shown that the sole use of physico-chemical parameters was insufficient to identify 
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membrane fouling propensity. In operating MBRs under different flux conditions, it 
was found that the slope of the curves obtained generally indicated the fouling 
propensity of an MBR under a given set of operating conditions (Figure 7.13). 
Operating conditions (or membrane material) with a higher fouling propensity will 
show a steep slope. Thus, higher fouling propensity will be indicated by a steeper 
slope. As evident from Figure 7.13, MBRs with PO membranes and operated at 10-d 
SRT have the greatest fouling propensity. Indeed, these MBRs were found to express 
higher TMP values than the rest, and reached the cut-off TMP value of 30 kPa after 
shorter periods of operations. The slopes of the other two conditions followed the rate 
of membrane fouling as well, thus, showing the accuracy of this method. 
 
The advantage of this method is on the ease of capturing the images and the 
subsequent image analyses. The scanning of the membrane surface by a desktop 
scanner required no more than 1 min for each image, and the analysis no more than 30 
s. Moreover, results obtained by this method were obtained by analysing the 
membrane surfaces directly. Compared to conventional physico-chemical methods that 
require a much longer time spent on the preparation, experimentation and analysis, this 
method has shown to be extremely rapid and to be able to reproduce rather reliable 
results. However, much more studies have to be conducted based on this method to 
verify its accuracy and reproducibility. 
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Figure 7.13 Relationship between transmembrane pressure and macro-scale porosity function. 
 
7.2.5.2 Rapid Characterisation of Microbial Community 
It was earlier shown that membrane fouling at low flux conditions was dominated by a 
biofilm initiated process. t-RFLP results have shown that certain groups of bacteria 
dominate membrane fouling and thus rapid identification of the microbial community 
within the activated sludge may reveal the likelihood of occurrence of such fouling 
mechanism in an MBR. Currently, t-RFLP is one of the more rapid and economical 
methods that can provide a detailed fingerprint of a bacterial community structure. 
However, it is necessary to have access to an automated sequencer for the generation 
of the electropherograms. Since, this equipment is expensive to purchase and maintain, 
samples are often sent to sequencing facilities resulting in time delays. Thus, rapid 
characterisation of the microbial ecology of the activated sludge, and in the fouling 
layer is not possible. 
 
Therefore, developing a lab-on-a-chip (LOC) system for rapid profiling of the 
microbial communities using a t-RFLP approach may reduce the time for analysis, and 
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decrease the consumption of reagents, resulting in better monitoring of state of 
membrane fouling in an MBR. An existing platform that can be readily used by any 
laboratory based on its relatively low cost and ease of use was adapted to perform t-
RFLP analyses. Agilent 2100 Bioanalyser, a bench-top machine featuring chip-based 
separation in conjunction with a chip reader (Mueller et al., 2000) was used. However, 
this platform uses miniaturised capillary electrophoresis DNA chips that are not 
compatible with t-RFLP due to the incorporation of a fluorescent dye in the gel and 
molecular weight standards that fluorescence at a different wavelength than the 
fluorescent molecules used during PCR amplification for t-RFLP. 
 
Therefore, length heterogeneity polymerase chain reaction (LH-PCR) was used 
instead. LH-PCR is similar to t-RFLP, with the exception that the LH-PCR profile 
analyses are based on the inherent variation in sequence lengths of undigested 16S 
rRNA genes amplified from different bacterial species. Standard LH-PCR has also 
been shown to reproducibly assess natural microbial community composition (Suzuki 
et al., 1998; Ritchie et al., 2000), and to be suitable as a monitoring tool for industrial 
wastewater processes (Tiirola et al., 2003). 
 
16S rRNA genes were amplified by PCR using bacterial primers 27F (5’-AGA GTT 
TGA TCM TGG CTC AG-3’) and 358R (5’-ACT GCT GCC TCC CGT AGG AGT-
3’). One microlitre of the PCR products was loaded per well of the DNA separation 
chip according to the manual (Agilent DNA 1000 kit, Agilent Technologies, Palo Alto, 
CA, USA). LH-PCR profiles were automatically generated from the amplified PCR 
products when running the indicated chips on an Agilent 2100 Bioanalyser controlled 
by the 2100 expert software with default settings for a DNA 1000 assay (Agilent 
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Technologies). Corresponding LH-PCR products were separated on a capillary DNA 
sequencing machine (ABI 3700, PE Applied Biosystems). 
 
A range of eight known species was profiled using the DNA sequencer (Figure 7.14) 
and by LOC-LH-PCR (Figure 7.15). The LH-PCR products from the mixtures 
separated into four distinct length categories. This was due to the inherent sizing 
resolutions of the Bioanalyser. LOC sizing accuracy may deviate by up to 10% from 
the sized fragments according to the analytical specifications, thus, based on the 
cocktail prepared, LH-PCR products that were within 7 basepairs in size were 
clustered into one major peak. Roughly PCR products that differed in size by more 
than ten basepairs could be separated and displayed as individual peaks in the 
generated electropherograms. In comparison, five major peaks were discernable from 
the electropherogram produced from the DNA sequencer, showing that the LOC-LH-




Figure 7.14 Electropherogram showing the LH-PCR profile run on a DNA sequencer. 
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Figure 7.15 Electropherogram showing the LH-PCR profiles run on LOC technology. 
 
Therefore, the combination of LH-PCR fingerprinting technology with LOC 
technology was achieved, and shown to be suitable for profiling complex 
communities. This modified method did not need a fluorescently labelled primer or 
access to a DNA sequencer, as required by t-RFLP. Moreover, since digestion of the 
PCR products was not required, both time and cost were reduced. The affordable and 




1) Light microscopy showed that acclimatised sludge in an MBR differed from 
CAS. The presence of longer filaments and larger flocs in CAS contrasted with 
the shorter filaments and smaller sludge flocs found in MBRs caused by the 
higher shear forces experienced in MBRs, regardless of other operating 
conditions used in this study.  
2) SEM showed that biofouling and organic fouling occurred on all membrane 
surfaces. Chemical cleaning of the membranes left residues on the surface and 
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within the membrane pores. It was found that up to 95% flux recovery could be 
obtained on average. Thus, the 5% loss could be due to artefacts of cleaning.  
3) CLSM proved that the main organic components of membrane fouling were 
proteins and polysaccharides. Lipids were found to be present in minute 
amounts. 
4) t-RFLP analyses showed that, regardless of the SRT or membrane material, 
fouling mechanism were almost identical across different flux conditions, and 
could be generalised into two main states. Under low flux conditions (sub-
critical flux), biofilm initiated membrane fouling was the main cause for the 
development of a fouling layer on the membrane surface. As flux increased, 
membrane fouling based on convection of foulants to the surface took 
precedence. Such results were supported by physico-chemical, and CLSM 
imaging presented in previous chapters. 
5) A rapid method for identifying membrane fouling propensity under a certain 
operating condition, in relation to another, was developed. It was shown that 
this method could accurately show that MBRs operated at 10-d SRT suffered 
from greater membrane fouling than MBRs operated at 20-d SRT. 
6) The LOC-LH-PCR technique was found to be suitable for fingerprinting of 
complex microbial communities, and was as accurate as t-RFLP conducted on 
a DNA sequencer. This rapid profiling method would allow operators and 
researchers greater ease and speed in monitoring changes in the microbial 
community of the activated sludge and in the fouling layer. 
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CONCLUSIONS AND RECOMMENDATIONS 
 
8.1  Conclusions 
8.1.1 Analysis of Fouling Layer in MBRs under Different Operating Flux 
Conditions 
Four identical membrane bioreactors (MBRs) were operated similar conditions, except 
flux. Physico-chemical analyses revealed that protein and carbohydrate concentrations 
in soluble microbial products (SMP) and extracellular polymeric substances (EPS), as 
well as the mixed liquor suspended solids (MLSS) and mixed liquor volatile suspended 
solids (MLVSS) concentrations increased with increasing flux. These could be 
attributed to directly and indirectly to the lowered hydraulic retention time (HRT), and 
the increased food-to-mass (F/M) ratio and organic loading rate. Correspondingly, the 
rate of membrane fouling increased with higher operating fluxes as a result of the 
elevated concentrations of the foulants present in the mixed liquor.  
 
Using a new technique based on fluorescence spectrophotometry, the excitation-
emission matrices (EEM) plots showed a shift in characteristics between the permeate 
and bulk solution. Protein-like microbial by-products were distinctly absent from the 
permeate but present in the bulk solution. This indicated that protein substances could 
be found adhered to the membrane surface, more than humic and fulvic substances.  
 
Confocal laser scanning microscopy (CLSM) imaging of the organic foulants on the 
membrane surfaces revealed that proteins were the conditioning foulant on the 
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polyolefin (PO) membranes. While physico-chemical characteristics suggested that the 
carbohydrate fraction was more important towards causing membrane fouling, micro-
structural data collected from the fouling layer on the membrane surfaces showed that 
proteins were the overall most important foulant. Such contradictions showed the 
limitations of using physico-chemical analyses to characterise membrane fouling as it 
required a significant amount of intelligent extrapolation of the results based on water 
quality. Finally, it was found that fouling mechanism shifted from a biofilm-initiated 
process under sub-critical flux operations to a non-biofilm initiated bio-organic fouling 
process at higher fluxes. Thus, at high operating flux conditions, the effect of 
convection of foulants towards the membrane surface dominated the fouling process. 
  
8.1.2 Analysis of Membrane Fouling in MBRs under Different Solids 
Retention Times 
Comparisons between MBRs operating at different solids retention times (SRT) 
showed that membrane fouling propensity increased at shorter SRT, regardless of 
operating fluxes, due to the increase in SMP and EPS concentrations. Larger 
compounds based on their molecular weight distributions in the mixed liquors of 
MBRs operated at 10-d SRT, versus the smaller compounds at 20-d SRT, contributed 
to the increased fouling rates as well. Again, EEM plots showed that membrane 
fouling was caused by protein-like microbial by-products, instead of humic and fulvic 
substances. This trend was found to be true regardless of the operating flux or SRT.  
 
Micro-structural characterisation of the fouling layer, based on appropriate probes and 
stains of the organic foulants imaged by CLSM, revealed that fouling mechanisms in 
MBRs operated at 10-d SRT were markedly different from those operated at 20-d 
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SRT. This was most apparent for MBRs operated at sub-critical flux conditions. While 
the fouling mechanism in all MBRs operated at sub-critical flux conditions, 
irrespective of the SRT, was found to be a biofilm initiated process, the effect was 
much lower in MBRs operated at 10-d SRT than those operated at 20-d SRT. Effects 
of proteins and polysaccharides were found to be much higher in the former than the 
latter. Although the fouling mechanisms at high fluxes were shown to be non-biofilm 
initiated bio-organic processes, the relative importance of the foulants differed 
between MBRs of different SRTs. This suggested that fouling control in MBRs had to 
be specific to the operating conditions imposed on the systems. 
 
8.1.3 Fouling Mechanisms of Different Membrane Materials 
MBRs operated with two different membrane materials, namely PO and 
polyethersulfone (PES), were compared for their fouling propensity and mechanism. 
Operating fluxes in each set of MBR varied from identical sub-critical, to critical and 
super-critical conditions. All other operating parameters were kept consistent, 
including influent characteristics and SRT. Therefore, effects could be compared on 
two levels – membrane material, and operating flux. Conventional physico-chemical 
characteristics failed to distinguish the difference in fouling rates of the membrane 
materials. In each operating flux condition, all physico-chemical parameters (MLSS, 
MLVSS, SMP, EPS concentrations, molecular weights, EEM plots, and so on) were 
highly similar. It meant that the averages of each parameter in MBRs operated with PO 
membranes could not be differentiated from the corresponding means obtained in 
MBRs operated with PES membranes at 95% confidence interval. These results 
indicated that membrane fouling mechanisms could not be elucidated purely by 
physico-chemical means only.  
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Direct analysis of the foulants on membrane surfaces by CLSM imaging revealed that 
the conditioning layer on PO membrane was distinctly different from the conditioning 
layer on PES membranes. Due to the different material characteristics, proteins were 
found to be the dominant conditioning substance on PO membranes, while 
polysaccharides dominated initial fouling on PES membranes. On PES membranes in 
MBRs operated at sub-critical flux conditions, the most dominant substance 
(polysaccharides) was 40% more in volume to the second most dominant organic 
foulant (proteins). This difference rapidly decreased as the MBR continued to be 
operated, indicating that while polysaccharides were responsible for initial fouling on 
PES membranes, its effect diminished after the virgin membrane material was 
modified by the foulant. Thus, innate membrane characteristics were important in 
reducing membrane fouling only in the initial stages of MBR operations. 
 
Linear relationships were found between porosity function of the organic foulants 
targeted and transmembrane pressure (TMP). While the linearity was found to be 
strong through the range of TMP values recorded, it was also observed that the 
relationship marginally slackened at higher TMP values. Since only organic foulants 
were targeted, this observation was attributed to slight inorganic fouling experienced in 
the MBRs. Such results were further substantiated by flux recoveries after chemical 
cleaning, which removed mainly organic compounds, and by scanning electron 
microscopy (SEM) images. 
 
Membrane fouling mechanisms differed for PO and PES membranes at sub-critical 
flux operations, but converged at higher operating fluxes. PES membranes were found 
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to be less affected by the biofilm mediated process than PO membranes. However, 
non-biofilm initiated bio-organic membrane fouling mechanism dominated at higher 
flux conditions, regardless of the membrane material. While the relative importance of 
each foulant on membrane fouling was varied between different materials, the total 
effect of each foulant was almost identical, proving that the foulants adhered onto both 
membrane materials at high fluxes primarily through convection. 
 
8.1.4 Ecological and Rapid Characterisation of Membrane Fouling in 
MBRs  
Microscopic techniques revealed that bio-organic fouling occurred on all membrane 
surfaces regardless of the operating flux, SRT, or membrane material. The main 
components of membrane fouling were found to be proteins, polysaccharides, and 
cells. Lipids were detected only in minute amounts. Unless differences between 
images were highly significant, quantitative processing of images must be conducted 
together with such qualitative techniques to provide more reliable analyses of the 
images. 
 
Terminal restriction fragment length polymorphism (t-RFLP) analyses showed that 
regardless of the SRT or membrane material, the fouling mechanisms were highly 
similar across similar flux conditions. t-RFLP fingerprinting of the microbial 
community structure in the fouling layer was found to be significantly different from 
the fingerprint obtained from the mixed liquor under sub-critical flux conditions, while 
the fingerprints were similar in the fouling layer and mixed liquor at higher fluxes. 
This suggested that biofilm initiated fouling dominated sub-critical flux operations and 
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convective fouling was the main cause at higher fluxes. This was consistent with 
results from micro-structural characterisation of the fouling layer.  
 
Rapid methods for identifying membrane fouling propensity in MBRs, and for 
fingerprinting of complex microbial communities were developed. Desktop scanners 
were found to be able to resolve the macro-structure of the fouling layer at 4800 dpi, 
provided an alternative method in identifying membrane fouling propensity. Length 
heterogeneity polymerase chain reaction (LH-PCR) coupled with a commercially 
available lab-on-a-chip (LOC) electrophoresis sizing reader was found to useful as a 
rapid and affordable fingerprinting technique as it by-passed large reagent volumes, 
and expensive deoxyribonucleic acid (DNA) sequencing equipment. More studies, 




8.2.1 Examination of Membrane Fouling using Appropriate Techniques 
The experimental studies conducted have shown, time and again, that physico-
chemical characteristics were insufficient to accurately predict or describe the type of 
foulants found adhered on membrane surfaces, or the membrane fouling mechanism of 
an MBR. This was especially true when comparing MBRs operated at identical 
conditions except membrane material. Analyses of the bulk solutions based on water 
quality parameters were useful for optimising MBR process operations, but not in 
understanding fouling mechanisms and the control of membrane fouling. Thus, a 
paradigm shift from physico-chemical analyses of the bulk solutions towards direct 
analysis of the foulants on membrane surfaces and in a temporal manner would better 
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reveal differences in fouling mechanisms of different membrane materials, thereby 
allowing better control strategies to be developed in future. 
 
The techniques presented in this research study such as CLSM coupled with image 
structural analysis, and molecular-based methods have shown that future MBR fouling 
studies should be conducted on the fouling layer. It is in analysing the fouling layer 
that fundamental mechanisms and interactions between different foulants and the 
membrane material can be elucidated. While this study has revealed general fouling 
trends based on flux conditions, SRT, and membrane material, much more has to be 
conducted as the range of different SRTs, and especially membrane materials used in 
the industry is too broad to be covered in this study. Continuing studies based on the 
techniques presented here, and on other similar techniques over broader parameters 
will only prove to be beneficial to better and more efficient MBR operations. 
 
8.2.2 Fouling Control Strategies 
Differences in membrane fouling mechanisms under dissimilar flux conditions, SRT 
and membrane materials have shown the limitations of current control strategies. One 
size does not fit all for MBR operations. Furthermore, it would be beneficial to 
practical MBR operations if the systems could be operated at high fluxes while 
minimising membrane fouling issues. Therefore, appropriate control strategies have to 
be applied for each specific application. 
 
It was found that the fouling mechanism at sub-critical flux operations was based on a 
biofilm initiated process. As such, anti-biofouling membranes should be more 
beneficial for MBR operations under such conditions. However, it was also shown that 
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such membranes were beneficial only against the initial conditioning fouling, which 
lasted no more than 2 h. Thus, anti-biofouling membranes, for MBR operations, may 
prove to be a sales gimmick.  
 
Bio-organic fouling under all flux conditions was observed, although it was more 
severe as the flux increased.  The most dominant organic foulants were found to be 
proteins and polysaccharides that originated from the microorganisms in the mixed 
liquor. Bioaugmentation of the mixed liquor may be beneficial in controlling 
membrane fouling. Microbial enzymes that target proteins and carbohydrates may be 
used to break such complex molecules down thereby minimising their attachment onto 
membrane surfaces. For example, large numbers of enzymes for effective digestion of 
carbohydrates are found in Bacillus bacteria and protein digesting enzymes are found 
in Pseudomonas bacteria (Water Environment Federation, 1994). Both such bacterial 
species are found in wastewater treatment plants, although treating different sources of 
wastes. However, bioaugmentation studies on MBRs to provide a selective pressure on 
such bacterial species may be effective in fouling control. Studies may be conducted to 
determine the practicality of this hypothesis.  
 
8.2.3 Identification of Ecological Niches within Fouling Layer 
It has been shown that a biofilm forms in the fouling layer of MBRs operated at low 
fluxes, while a cake layer that consists of bacteria forms in MBRs operated at high flux 
conditions. Microbial community structures within fouling layers developed under 
high fluxes formed by convective forces were similar to the mixed liquor. It is not 
unknown however, if ecological niches exist within this cake layer as one would 
expect to find in biofilms. Identifying the presence or absence of such niches may be 
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valuable in developing effective membrane cleaning strategies. The dominance of dead 
or live cells in such cake layers may also determine the type of cleaning or fouling 
control strategies to be used. Without specific synergistic ecological niches forming 
within these cake layers, microorganisms may lose their ability to survive, secreting 
more bio-organic polymers into the fouling layer matrix, worsening membrane fouling 
more rapidly in the process. Understanding of such processes may aid in the 
development of more effective membrane fouling control strategies. 
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